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Abstract 
Wireless designers constantly seek to improve the spectrum efficiency/capacity, coverage of 
wireless networks and link reliability. With increasing high data rate requirements for 
communication services, multi-antenna technology has grown as an advanced and effective 
approach featuring for its high bandwidth efficiency and high date rate transmission. Wireless 
communication system that uses multiple antennas along with appropriate signalling and 
receiver techniques offers a powerful tool for improving wireless performance.  
Most research efforts in the field of multiple-input-multiple-output (MIMO) systems exploit the 
fading and decorrelation between MIMO channels introduced by rich scattering in multipath 
environments. However, MIMO capacity can be significantly reduced in LOS channels due to 
channel correlation. Recent research has suggested the idea of obtaining optimal performance 
of MIMO systems by in LOS channels adjusting the antenna array spacing. On the other hand, 
Space-time block coding (STBC) techniques can achieve huge performance gains in multipath 
fading wireless links. 
Software-defined radio (SDR) is a promising technique for reconfigurable, high-speed wireless 
communication system with design flexibility and low development cost. An SDR is an emerging 
technique and it has not been fully explored yet.  
 In this research project, a 2 x 2 MIMO system with Alamouti STBC was simulated in MATLAB 
and also implemented using the SDR test-bed. This SDR test-bed has been built based on 
LabVIEW software platform and recently developed National Instrument’s (NI) Universal 
Software Radio Peripheral (USRP) 2953R hardware. The performance of the system was 
evaluated in terms of bit error rate (BER).  
Simulation results in MATLAB show that 2 x 2 MIMO system with Alamouti STBC provides better 
BER performance in Rician fading channel compared to the Rayleigh fading channel. However, 
the performance of the implemented 2 x 2 MIMO system with Alamouti STBC varies in the 
realistic fading channels depending on the antenna array spacing. By using Alamouti STBC, full 
diversity is accessible to the 2 x 2 MIMO systems. Results show that an improved performance, 
by up to 10% in bit error rate (BER), is achieved under LOS conditions when considering optimal 
antenna array spacing. 
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1 Introduction 
This chapter gives the brief background of this research project including context, 
significance, and outline of the thesis.  
1.1 Background 
 
The potential to communicate with people in transit has advanced extraordinarily 
during the past few decades. The modern wireless communication systems and utilities have 
been dynamically embraced by people across the world. The wireless communication industry 
has developed substantially, boosted by radio frequency (RF) and digital circuit enhancements, 
which has made radio equipment smaller, cheaper and reliable. 
In the field of wireless communication, multiple-input-multiple-output (MIMO) 
communication systems are proven to be competent in increasing the transmission rates. The 
core of this idea is to use multiple antennas both for transmission and reception. This 
technology received a new scope when Alamouti introduced his space-time block coding (STBC) 
techniques to improve link-level performance based on diversity. Specifically, MIMO 
communication system utilizes elements of multiple antennas on the transmitter as well as on 
the receiver side to achieve spatial diversity [1]. In [2], it has been mentioned that MIMO can 
attain better energy and delay performance compared to a Single-Input-Single-Output (SISO) 
technique. High Spectral efficiency can be achieved by spatial division multiplexing (SDM) due to 
the accessible high multiplexing gain in MIMO communication systems [3]. Complex transceiver 
design and signal processing can be the requirement of MIMO system which leads to high level 
of power consumption. However, even if the requirement of power consumption is significant 
for developing MIMO system, the proposed virtual MIMO structure in [4] provides a significant 
amount of power savings. Currently, various MIMO processing options are executed in a 
number of cellular wireless networks like WiMAX, UMTS, LTE and WLANs to increase the data 
rates and network reliability [5], [6].   
The number of techniques has been proposed and validated in simulations to improve 
the performance of wireless communication systems. However, validation of those techniques 
in actual hardware is much more challenging because implementing such a system in hardware 
takes a significant amount of time, effort and with a high cost. Currently, the Software Defined 
Radio (SDR) approach could help researchers and engineers to reduce the time, effort and cost 
to implement a wireless system. Thus, SDR approach is widely spread in designing wireless 
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communication systems. The use of SDR enables to transform radio hardware problems into 
software problems. Moreover, a significant amount of signal processing in wireless systems can 
be conducted in software. This platform offers great flexibility to researchers and developers to 
design new protocols, methods or techniques for wireless communication systems. LabVIEW 
software and USRP hardware are the common platforms used in SDR systems. 
The advantages of SDR platform discussed above motivate us to implement wireless 
communication system using Laboratory Virtual Instrument Engineering Workbench (LabVIEW) 
software and Universal Software Radio Peripheral (USRP) hardware platform. Precisely, we used 
LabVIEW 14.0 development system software and the latest National Instrument’s (NI) USRP-
2953R hardware. In this research, a 2 x 2 MIMO system with Alamouti STBC is implemented and 
analysed in different realistic scenarios. The performance of this system is studied in terms of 
bit error rate (BER).               
1.2 Context 
 
This project focuses on the simulated and practical performance analysis of the 
Alamouti based 2 x 2 MIMO system in different wireless channel environments. Moreover, the 
performance of the implemented MIMO system at different antenna spacing is also analysed. 
For this purpose, a testbed using LabVIEW software and NI USRP-2953R has been built and 
tested.  
A significant amount of research has been conducted on Alamouti STBC which claims to 
improve the error performance, data rate or capacity of wireless communication systems. Using 
Alamouti STBC, the 2 x 2 MIMO system attains full diversity without information loss [7]. As this 
system achieves high diversity order, it does not require channel state information (CSI) at the 
transmitter. Furthermore, this scheme does not require bandwidth expansion, as redundancy is 
applied in space across multiple antennas.   
The performance of the implemented system has been evaluated in terms of BER 
under LOS and NLOS environments and also at different antenna spacing.  In digital electronics, 
BER plays a vital role for assessing wireless transmission and reception systems. There is an 
error probability being initiated into the network when data is transmitted over a wireless data 
link. If the data is corrupted, then the stability of the system may be compromised. Therefore, it 
is mandatory to evaluate the capability of the designed system and bit error rate BER provides 
the best possible option for assessing it [8]. BER enables us to analyse the overall performance 
of a system considering transmitter, receiver and the channel between them [8]. In this fashion, 
BER is one of the efficient methods to estimate the actual performance of a system. BER can be 
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defined as the rate of number of errors occurred relative to the total bits transmitted during a 
specific interval of time. BER not only determines the quality of transmission but also the 
amount of data that can be transmitted per unit of bandwidth [9].  
1.3 Significance 
 
The latest wireless communication technologies require more expensive testing and 
measurement equipment to accurately characterize the performance of increasingly complex 
wireless devices. A less expensive and flexible alternative can be found in USRP, which is an 
active programmable device. In addition, USRPs have been widely used in testbeds for 
experimental evaluation of different communication protocols algorithms network 
architectures and a massive MIMO testbed. However, the feasibility of using USRP as a 
measurement instrument for wireless characterization of antennas is not found in the open 
literature. Wireless MIMO performance characterization of antennas connected to the USRPs in 
RC gives us a unique opportunity since their combined use make the measurement setup less 
expensive as compared to commercially available network analyser equipment. Hence, the 
presented approach has a potentially high practical impact.  
In this research work, a 2 x 2 MIMO system with Alamouti STBC has been successfully 
developed using LabVIEW software and NI USRP-2953R hardware. The practical experimental 
platform differentiates this project from many preceding research projects which are purely 
focused on simulated results. In different realistic propagation environments, this successful 
testbed could be extended to verify the performance of a different wireless communication 
system, not just limited to 2 x 2 MIMO with Alamouti STBC. Moreover, the project details the 
structure of LabVIEW software and the way to implement 2 x 2 Alamouti STBC in LabVIEW. 
This implementation provides an approach to construct an SDR system using LabVIEW 
software and NI USRP-2953R. Based on this approach, new methods or techniques and new 
prototyping could be applied to boost the performance of 2 x 2 MIMO system in different 
realistic scenarios. This implementation opens the opportunity to implement another wireless 
communication system in SDR, especially for the latest NI USRP-2953R to verify the 
performance of the system in practical environments.  
This research project aims to fulfil the following objectives: 
 To simulate 1 x 1 system and 2 x 2 MIMO with Alamouti STBC in Rayleigh and 
Rician channel in MATLAB; 
 To implement a 2 x 2 MIMO system using Alamouti STBC with BER estimation 
based on LabVIEW software and NI USRP-2953R; 
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 Evaluate the performance of the implemented MIMO system over different 
channels with different antenna spacing.  
1.4 Publication 
 
The following paper is prepared for submission to IEEE 85th Vehicular Technology 
Conference (VTC):  
V. D. Nehete and K. Ziri-Castro, “A study of 2 x 2 MIMO system with Alamouti STBC in 
SDR with LabVIEW and NI-USRP 2953R”, to be submitted to the IEEE 85th Vehicular Technology 
Conference (VTC 2017), Sydney, Australia, 4-7 June, 2017.  
1.5 Thesis Outline 
 
The organisation of the thesis is as follows:  
 
 Chapter 1 introduces the background, context and significance of the project. 
 Chapter 2 presents a comprehensive literature review for this research work. This 
chapter mainly focuses on the review of basics of the wireless communication 
system, performance parameters, wireless channel characteristics, MIMO, STBC and 
USRP device. 
 Chapter 3 explains the research methodology that has been used to achieve the 
research objectives. This section explores in detail about the designing of 2 x 2 
MIMO system model with Alamouti space-time block coding.  
 Chapter 4 describes the simulations, experiments and results of the 2 x 2 MIMO 
system with Alamouti STBC. It also analyses the performance of this system in 
different realistic environments as well as with different antenna spacing.  
 Chapter 5 is the final chapter which outlines the conclusions drawn out of these 
research findings.  
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2 Literature Review 
This chapter presents the literature review of wireless communication systems and 
its existing methodologies relevant to this research project. Section 2.1 discusses the radio 
fundamentals and the theory of basic modules of a digital communication system including 
channel model. Section 2.2 examines the system performance parameters that are 
applicable to this research study. In section 2.3, wireless channel characteristics including 
different types of fading channel is presented. Section 2.4 describes the evolution of MIMO 
systems and section 2.5 outlines the review of STBC including Alamouti STBC. General 
information about Software defined radio (SDR) with block diagram is discussed in section 
2.6. The overview of USRP and its detailed specifications is presented in section 2.7. The 
summary of this chapter is provided in section 2.8.   
2.1 Elements of a Digital Communication System 
 
In this section, we discuss the components required to build a basic digital 
communication system. We present sequentially the system block from the transmitter to 
the receiver. The goal of a digital communication is to send bits in the most efficient and 
fastest way possible between two distant points, using a communication medium. 
Furthermore, the original bits have to be recovered without bit errors or keeping them as 
less as possible. 
The process of conversion of the analog signal into a suitable digital form must be 
performed before a signal is called a digital signal or being processed into a digital 
communication system. Analog-to-digital conversion is a very basic process which is 
implemented in the input stages of a digital communication system. Many of the signals 
that derive from the physical world are inherently analog in nature. Hence, if we aim to 
transmit these signals digitally, it is evident that it is necessary to convert these analog 
signals to digital ones. While doing so, we must ensure that within the conversion process 
we do not introduce inaccuracies or at least not beyond a limit, so that the quality of the 
produced signal in the receiver is satisfactory.  
The sampling of signal is carried out to convert the signal from analog to digital. We 
use pulse shaping filter to shape the signal for the channel. Inter-symbol interference (ISI) is 
a limitation which is found on many occasions when pulses are sent. The signal duration in 
time domain increases when we reduce the bandwidth of the signal. That means that if we 
transmit with a high bitrate, the pulses are not designed properly and the transmission 
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bandwidth is limited, there is the possibility of interferences in pulses and consequently, 
degrading the performance of communication system. 
Digital modulation and demodulation translate the signal from one frequency band 
(baseband) to another high-frequency band, intermediate frequency (IF), or even to an 
actual transmission bandwidth called Radio Frequency (RF) bandwidth. A digital 
communication system is an information processing system aims to send the information of 
a transmission user and ensure that it is delivered without distortions and errors to the 
designated destination. However, errors are inevitable and by channel coding, the system 
has the ability to correct most of them and also protect our information against distortions 
mainly caused by the additive channel noise, interferences or fading. 
 
 The following block diagram shows the basic communication system. 
 
 
 
 
 
 
 
 
 
Figure 1: Basic Communication System 
 
We assume channel model for wireless communication through the air and its 
design depend on the characteristics of the physical channel. 
In Figure 2, we illustrate in detail the block diagram of a complete wireless 
communication system. 
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Figure 2: Block diagram of a Wireless Communication System 
 
 
2.1.1 Transmitter 
 
Beginning with the transmitter design, the first block in the system is the signal or 
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representation of a physical manifestation. For example, human voice is converted into 
electrical signals using a transducer (microphone). 
In order to design the communication system, we must consider the features of the 
electrical output signal as important. Such features include the bandwidth, power, and the 
statistical characteristics, which are constant that does not change with time [10]. 
If the signal is analog in nature, next module is considered as the sampling, 
quantization and associated coding for a better representation format. However, if it is 
digital, then this module only formats the signal in order to send it more conveniently. 
Moreover, this module is a pre-processing unit that gives a digital output signal which 
conserves its initial statistic features and its bandwidth depends on the sampling rate. 
If the sampling rate is high, the difference in magnitude of two consecutive samples 
is small. This is due to the continuous nature of analog signals which has a strong 
correlation between near points. Hence, high sampling rates produce a discrete signal and 
its values are correlated with their neighbour ones. Considering this fact, as an example for 
an eight-bit representation at the quantization block we assure that two consecutive 
samples differ in only two or three less significant bits (LSB). In these cases, it is possible to 
process information sequence, namely source encoding or data compression, in such a way 
that we transmit fewer bits for representing the same information [11]. 
This procedure can have two consequences. Firstly, the source coding technique 
has to be known by the transmitter and receiver as this process has to be reversed at the 
receiver side in order to obtain the original bit stream. Secondly, if our input signal has a 
defined bit rate, due to this source coding the output signal will present a different bit rate 
which is lower than the input signal. The purpose of this block is meaningful because the 
effective bit rate is reduced and consequently the bandwidth too. This benefits easing the 
complexity of the successive blocks and also shortens the message into elementary 
symbols, which are limited in number while transmitting them in real communication 
systems. In order to preserve the quality of the information, we have to assure that the 
source coding block does not produce any distortions to the input signal.  
The next two blocks process the output of the coding format in several ways. The 
first block i.e. source coding has to know the properties of its predecessor blocks and the 
signal source. The second unit which is channel coding takes into account the properties of 
the coming transmission modules. Hence, it prepares the information in a best way for the 
subsequent blocks before the signal reaches the receiver. It helps to prevent some of the 
problems that may occur in the channel, which is discrete and not related to the channel 
medium. In other words, the channel coding safeguards the information sequence against 
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any possible distortion or error that may take place during the transmission. It usually 
introduces additional redundancy in the binary information sequence that is used while 
decoding in order to avoid some of the effects of noise and interference during the 
transmission. Thus, the redundancy increases the fidelity of the received signal and the 
reliability of the received data. This is possible because of the removed redundancy at the 
source encoder has no correlation to the controlled redundancy added at the channel 
encoder, which is defined. 
The next block, which is an important step for wireless communications is the 
baseband pulse shaping unit. Its output is analog pulses but it does not have a 
correspondence to a digital-to-analog converter. In fact, this block is allocated within the 
digital modulation unit. We illustrate in Figure 3, a digital signal represented by 0 and 1 is 
pulse shaped into an analog pulse which contains the same information with less 
bandwidth compared to the input signal. 
 
 
Figure 3: Pulse Shaping using ideal Nyquist pulse  
The information sequence has low-frequency components and is considered as a 
baseband signal. On the other hand, the carrier modulator unit employs a carrier of 
intermediate frequency (IF) of sinusoidal nature in order to shift the baseband signal.  
The baseband pulse shaping unit and the carrier modulator unit combines to form a 
digital modulator block. The output of this block is an analog continuous-wave bandpass 
signal, so it converts the input binary stream into a waveform sequence suitable for 
transmission over the channel. Its bandwidth depends on the type of modulation used and 
it is centred at the IF. In other words, the digital modulator block is a narrow-band 
modulator. The next block is a frequency translator or frequency up-converter block. This 
unit requires another input defined as FLO (local oscillator frequency), which is a high-
frequency carrier. The up-converter conceals the idea of a simple translation among the 
frequency axes to the actual frequency band which has been allocated for the purpose of 
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transmission. The output obtained is still a narrow bandpass signal. In fact, it is narrower in 
comparison to the centre frequency. However, this signal is not suited for direct 
transmission, mainly because of its low power. Therefore, in order to get a high power 
signal, we implement a block whose major function is to amplify the signal. As a result, the 
signal is boosted in power obtaining a narrow band signal which is significantly stronger in 
terms of power. 
Before transmitting the signal through the antenna, output impedances of the 
power amplifier and load of the antenna must be matched. This is realized at the next stage 
unit called antenna matching. Without this block, the amount of power radiated will be less 
than the optimal as it will make the system inefficient. Hence, the antenna matching block 
ensures that most of the power is transmitted to the channel medium through the antenna.  
2.1.2 Channel 
 
The physical channel in a wireless system is air which is considered as free space. 
However, small particles like dust can attenuate the signal. On the other hand, telephony 
channels may employ as physical medium wire lines, optical fibre cables and radio [12]. 
Figure 4 shows the different types of networks connected through several links. These 
networks include local area network (LAN), metropolitan area network (MAN) and wide 
area network (WAN). LAN is a private network used in small offices or homes usually within 
a kilometre range with high speed transfer data rate and fulltime service connectivity in low 
cost. MAN covers an area bigger than LAN within a city or town and serves as an internet 
service provider for larger LAN. It uses optical fibres or wireless infrastructure to link the 
LANs therefore, providing high speed regional resource sharing. WAN covers a large 
geographical area for example, a country or a continent. Its data transfer is usually low as 
compared to LAN, but it is compatible with a variety of access lines and has an advanced 
security. Whatever is the medium, the signal travels losing some strength and being 
randomly corrupted until it is finally captured by the received antenna. 
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Figure 4: Local area networks (LAN), metropolitan area networks (MAN), and wide area 
networks interconnected through several telecommunication links [12]. 
 
The wireless channel especially adds a significant amount of fading, attenuation and 
shadowing during the process of transmission. The propagation channel is the free space 
link between antennas and radio channel is the free space including the antennas. The 
attenuation of the signal referred as fading which occurs within the propagation channel 
and in case of the radio channel, the additive thermal noise is added at the receiver 
antenna. It is for these reasons, that a good communication system design is able to 
overcome these effects so as to obtain a reliable estimate of the transmitted signal. 
2.1.3 Receiver 
 
The receiver in a communication system has basically the same units as the 
transmitter but with the purpose of reversing the transmitter transformations, detecting 
and recovering the original bit stream. Moreover, additional features and units are 
implemented in order to correct bit errors caused by the radio channel. 
RF analog signal with low power and the narrow band is expected to receive at the 
receiver antenna. However, the received signal may contain other interfering signals which 
come from other transmitters. In other words, the complexity of the receiver relies on its 
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capacity to detect any signal and to select the desired one, diminishing the interference 
from the others. 
This issue is commonly solved by the design in the transmitter part, where the 
desired signal is centred in a defined frequency which is also known by the receiver. Then, 
the receiver filters the adjacent frequencies avoiding detection errors. There are also other 
interference rejection techniques and modulations that protect the information against 
distortions and errors caused by other signals due to multi-propagation paths. 
As mentioned before, the receiver is a frequency selective device which covers in a 
reverse way of the same steps performed by the transmitter units. Therefore, the first 
three blocks that process the RF signal are the antenna, antenna matching, and an 
amplifier, as shown in the receiver part of Figure 2. 
The received signal is a very weak signal and it goes through the matching unit 
which also performs a bandpass filtering. After the suppression of the undesired signals at 
other frequencies, the signal is still weak and need to amplify it in order to obtain the 
required levels of signal power for the subsequent processing blocks. Thus, the next unit is 
the low noise amplifier. The name itself suggests that the amplifier is designed to avoid 
generating much noise. Otherwise, the signal would be amplified but significant amount of 
noise would be added by this block. After all this processing, we obtain a moderated 
amplified bandpass signal. We down-convert this signal using the same local oscillator 
frequency (FLO) from the transmitter. The resulting IF signal with noise is amplified by the IF 
amplifier.  
The next two blocks form the digital demodulator. The first one is the carrier 
demodulator, which translates the signal to a baseband frequency component. The second 
unit is the detector. The digital demodulator processes the transmitted waveform distorted 
by the channel and estimates the data transmitted symbols. Then, the output of the digital 
demodulator is passed to the channel decoder, which delivers the decoded signal to the 
source decoder. The task of channel decoder is to recover the transmitted original 
information sequence using the same rule as the encoder using the redundancy contained 
in the received data. Finally, the source decoder obtains the message that is 
understandable to the recipient. The end signal is an approximation of the original one, and 
its difference is a measure of the distortion introduced during the transmission.  
It is important to consider that this is an elemental communication system 
representation, and not all of them have the same units or blocks. For instance, in many 
systems, the source coding, and decoding may not be there, or the initial analog-to-digital 
process is not needed as a digital communication system perspective. 
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2.2 System Performance Parameters 
 
The concepts of Signal-to-Noise Ratio (SNR), Bit Error Rate (BER) justify the purpose 
of this section, which provides several measures of performance related to a 
communication system. 
2.2.1 Signal-to-Noise Ratio (SNR) 
 
This is the most common performance characteristic of a digital communication 
system and it is often measured at the receiver’s output. It serves as an indicator of the 
overall fidelity (quality) of the system. As its name suggests, it compares the level of the 
signal to the level of noise, defined as the ratio of signal power to the noise power, 
expressed in decibel (dB). 
     
 𝑆𝑁𝑅 = 10 log10
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
𝑁𝑜𝑖𝑠𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
(𝑑𝐵)             (1) 
          
The ratio of the modulated energy per information bit to the noise spectral density 
is: 
      
 𝑆𝑁𝑅 =
𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑏𝑖𝑡
𝑁𝑜𝑖𝑠𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
=  
𝐸𝑏
𝑁0
 (𝑑𝐵)                    (2) 
                                 
2.2.2 Bit Error Rate (BER) 
 
This performance criterion is the most revealing about the system behaviour. It is 
the ratio of a number of the detected bits with errors to the total number of bits sent. The 
wireless communications functionality is usually described using plots between BER vs. 
SNR. 
For instance, in the case of a QPSK modulation and AWGN channel, the BER as a 
function of 𝐸𝑏/𝑁0 is given by: 
     
𝐵𝐸𝑅 =  
1
2
𝑒𝑟𝑓𝑐 (√
𝐸𝑏
𝑁0
)                              (3) 
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Where, 𝑒𝑟𝑓𝑐  is the complementary error function [13]. 
The packet error rate (PER) or block error rate (BLER) is the number of incorrect 
data packets received in relation to the total sent. In this case, a packet or block is 
considered as an error if at least one bit within is incorrect.  
2.3 Wireless Channel Characteristics 
 
The channel characteristics of a wireless communication system play a paramount 
role regarding the implementation and design of the block components of the receiver. For 
example, a band-limited channel determines the range of applicable carrier frequencies. 
Moreover, fluctuations of the amplitude or nonlinearity in phase levels imply the necessity 
of equalization components at the receiver. In this section, the basic characteristics of 
channel models are presented. 
The received signal propagated over the radio is made not only from the signal that 
comes directly from the transmitter but also from the combination of reflected, diffracted 
and scattered copies of the original one. This effect is known as multi-path propagation. 
Reflection occurs when the signal hits a surface and part of its energy is absorbed 
by the surface and the remaining one continues until it reaches the receiver antenna. It is 
possible and common that the signal has been reflected several times by more than one 
surface before it ends at the receiver. When the signal is derived from secondary ones, this 
phenomenon is called diffraction. The scattering occurs when rough surfaces spread the 
signal energy in all directions providing additional energy at the receiver [14]. 
In a radio channel where the air is the medium, the direct path between the 
transmitter and receiver diminishes the power of the signal by a factor proportional to the 
square of the carrier frequency and square of the distance. This effect which dissipates the 
power in the free space is called Path Loss. On the other hand, when the medium includes 
obstructions the variations on the signal are random. This behaviour is called Shadowing.  
Besides multipath propagation, if there is a movement of the system the Doppler 
Effect has also a negative influence on the signal. The movement of the mobile unit causes 
a frequency shift of each of the waves. That causes a frequency difference, named Doppler 
frequency, between the received signal and the transmitted. This change in frequency is 
called Doppler Effect or Doppler Shift. The measure of the maximum broadening of the 
spectrum due to the Doppler shift is called Doppler Spread. 
Due to the movement and the path distances, the reflected parts arrive with a 
delay respect to the original signal. This effect is known as the Delay Spread. The Coherence 
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Bandwidth quantifies the channel frequency response, which is inversely proportional to 
the delay spread. 
2.3.1 Fading Channels 
 
The time varying attenuations and delays that degrade the performance of a 
communication system define the channel model as Fading Channels. We had a review in 
the previous paragraph, some causes for these effects and its study is essential in order to 
design the countermeasures against them, such as diversity and coding [15]. 
We classify the fading channels in relation to the following definitions [14]:   
 Fast Fading: Fast fading occurs when the coherence time, which is the time period 
wherein two received signals have high amplitude correlation, is smaller than the 
symbol duration of the signal. 
 Slow Fading: When the shift in frequency due to Doppler is insignificant, the channel 
impulse response changes slowly. We define this channel as a slow fading channel. 
 Frequency-Flat: If the channel bandwidth is greater than the signal bandwidth, the 
channel is considered a frequency-flat fading channel. The main distortions caused by 
this fading are the random variations of the gain and frequency spectrum. That drives 
into deep fades and nulls due to the destructive interferences. This model is 
commonly used for mobile radio channels. 
 Frequency-Selective: On the other hand, if the channel bandwidth is smaller than the 
signal bandwidth, the channel becomes a frequency-selective fading channel. That 
leads to overlapping of the symbols in the time domain, known as ISI. 
 Rayleigh and Rician fading Models: If there is no direct path between transmitter and 
receiver, the flat fading channel is approximated by Rayleigh distribution, which is 
essentially the sum of two equal independent orthogonal Gaussian random variables. 
On the other hand, when there is a line of sight, the strongest component comes from 
the direct path and it fades deeper compared to the multipath components. This 
behaviour is characteristic of a Rician distribution [14]. 
 In Rayleigh channel, the received signal can be represented as: 
 
𝑠(𝑡) =  ∑ 𝛼𝑖 cos  (𝜔𝑐𝑡 +  ∅𝑖)
𝑁
𝑖−1
                                                              (4) 
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Where N is the number of paths, αi and ∅i is amplitude and phase of the i
th reflected signal 
at the receiver from an angle φi relative to the direction of motion of the received antenna. 
The phase ∅i and angle φi can be assumed to follow a uniform distribution over [0, 2π]. The 
Doppler shift is given by 
 
𝜔𝑑 =  
𝜔𝑐𝑣
𝑐
𝑐𝑜𝑠𝜑𝑖                                                                                      (5) 
 
Where 𝑣 is the velocity of the mobile terminal, 𝑐 is the speed of light.  
Considering Doppler shift, the received signal can be expressed as: 
 
𝑠(𝑡) =  ∑ 𝛼𝑖 cos  (𝜔𝑐𝑡 +  𝜔𝑑𝑡 +  ∅𝑖)
𝑁
𝑖−1
                                                  (6) 
 
  In Rician channel, the received signal can be represented as: 
 
𝑠(𝑡) =  ∑ 𝛼𝑖 cos(𝜔𝑐𝑡 +  𝜔𝑖𝑡 +  ∅𝑖) + 𝑘𝑑 cos(𝜔𝑐𝑡 +  𝜔𝑑𝑡)  
𝑁
𝑖−1
         (7) 
 
Where, 𝜔𝑖 is the Doppler shift along the 𝑖
𝑡ℎ indirect path, constant 𝑘𝑑 is the strength of 
the direct component and ωd is the Doppler shift along the LOS path.  
2.4 Multiple-In-Multiple-Out (MIMO) for Wireless Networks 
 
In 1996, BELL laboratories proposed the first MIMO system which is known as BLAST. 
The primary goal of this system was to achieve maximum capacity of wireless communications 
using multiple antennas [16]. Foschini [17] and Telatar [18] are few of those researchers who 
primarily investigated the MIMO systems. The use of multiple antennas at both ends of a 
wireless connection known as multiple-input-multiple-output (MIMO) technology, assures 
substantial improvements with reference to spectral efficiency and reliability of the connection 
[19]. MIMO configuration attains spatial diversity and increases in channel capacity by avoiding 
the requirements of greater transmission power or higher bandwidth [20]. Recently, the use of 
multiple transmit and receive antennas play a paramount role in enhancing the performance of 
wireless communications of MIMO systems [20]. Multiple-input-multiple-output (MIMO) is a 
developed technology which may productively harness the spatial domain of mobile fading 
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channels to boost the potential of wireless communication systems [21]. Conventional MIMO 
systems also called as point-to-point MIMO or collocated MIMO needs both the transmitter and 
receiver of a communication system to arm with several antennas. Practically, because of the 
hardware limitations, size, and cost, many wireless devices cannot possess the ability to support 
multiple antennas [21].  
 
 
Figure 5: General Block Diagram of MIMO Systems 
 
The advantages of MIMO systems are as follows [20], [22]:  
 
 Beamforming - A transmitter and receiver pair can execute beamforming and direct 
their main beams at each other which increase the receiver’s power and eventually 
the Single-to-Noise ratio (SNR). 
 Spatial diversity – With the use of transmit antennas a signal can be coded generating 
redundancy resulting in reducing the outage probability.  
 Spatial multiplexing - A group of streams can be transmitted in parallel, each stream 
containing a different transmit antenna element. At the receiver side, the relevant 
signal processing can be implemented to separate the transmitted signals. 
 
It is fundamental to understand that each antenna element in a MIMO system 
functions on the same frequency and therefore, does not require extra bandwidth. Moreover, 
the total power through all antenna elements is less than or equal to that of a single antenna 
system and which can be expressed as below: 
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∑ 𝑃𝑘  ≤ 𝑃                                                     (8)
𝑁
𝑘=1
 
 
Where, N is the total number of antenna elements, 𝑃𝑘 is the power allocated through the k
th 
antenna element and P is the power if the system had a single antenna element [23]. 
Productively, the above equation verifies that a MIMO system consumes no extra power due to 
its multiple antenna elements [24].  
As a consequence of numerous MIMO system advantages, MIMO wireless systems 
have gained the attention of international standard organizations around the world. The use of 
MIMO has been proposed multiple times for use in the high-speed packet data mode of third 
generation cellular systems (3G) [20], [22] as well as the fourth generation cellular systems (4G) 
[25], [26].  
2.4.1 Line-of-Sight MIMO 
 
Apart from assuming Rayleigh fading or rich scattering channel, it has been widely 
known that under certain scenarios, line-of-sight (LOS) channel conditions can attain favourable 
spectral efficiencies [27]. One of the vital parameter in LOS-MIMO channel conditions is the 
optimal distance between the antennas; a minor difference in the optimal distance between 
the antennas can substantially affect the spectral efficiency of the system [27]. It has been 
investigated in [28] about the threshold conditions for phase responses of the antenna that can 
maximize the capacity of the LOS environments. Hence, inter-antenna distances must be 
carefully set to operate the LOS-MIMO system as required. Recent research has suggested the 
idea of obtaining optimal performance in LOS-MIMO systems by adjusting the antenna array 
spacing.   
The performance of MIMO system is highly dependent on the channel characteristics, 
which determined by antenna configuration and richness of scattering. Limited studies have 
addressed the utilization issue of MIMO communication in strong LOS component propagation. 
In comparison with single-antenna links, MIMO LOS systems offer a relevant throughput 
increase but, at the same time, are more sensitive to phase noise, especially when design 
considerations impose to have different oscillators feeding each antenna at both sides. 
The idea behind N × N MIMO LOS is to achieve a full-rank channel matrix 𝐻 over an LOS 
link by a careful placement of the antennas at the transceivers [29] [30] [31]. Indeed, when the 
antenna spacing 𝑑 at the transmitter and the receiver satisfies: 
Literature Review 
19 
 
   𝑑𝑡𝑑𝑟 =  
𝜆𝑅
𝑁
                                                            (9) 
where, 𝑑𝑡  is the distance between transmitter antennas,  𝑑𝑟 is the distance between receiver 
antennas, 𝜆 is the wavelength, 𝑅 denotes the distance between the transmitter and the 
receiver and N is number of receiver antennas, the channel matrix 𝐻 can be made not only full-
rank, but also unitary [30] [31]. Optimal deployment in terms of channel capacity for linear 
antenna arrays has been treated by [30] [31] where it was shown that the geometrical distance 
and delay of the MIMO paths determine the rank of the channel HLOS. 
 A linear antenna array is shown in Figure 6. The channel matrix is a function of the 
carrier frequency 𝑓𝑐 and the propagation time 𝜏𝑛𝑚 between each pair of receiving and 
transmitting antennas, hence n, m ∈ [1, N]. The small difference in distance between the MIMO 
paths can be derived from a planar wave approximation. The gains of all paths are equal from 
the far-field assumption and normalized to one. The channel matrix for a MIMO system can be 
expressed as 
 
𝐻𝐿𝑂𝑆 =  [
ℎ11 ⋯ ℎ1𝑁
⋮ ⋱ ⋮
ℎ𝑁1 ⋯ ℎ𝑁𝑁
] =  [
𝑒𝑗2𝜋𝑓𝜏11 ⋯ 𝑒𝑗2𝜋𝑓𝜏1𝑁
⋮ ⋱ ⋮
𝑒𝑗2𝜋𝑓𝜏𝑁1 ⋯ 𝑒𝑗2𝜋𝑓𝜏𝑁𝑁
]                          (10) 
 
 
Figure 6: Example of a rectangular LOS-MIMO system setup. 
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For the normalized MIMO channel where all signals have equal strength the channel is 
optimal in terms of channel capacity if all rows or columns are orthogonal, (ℎ𝑘 , ℎ𝑙) = 0 
for 𝑘, 𝑙 ∈ [1. 𝑁]. The 𝑁 × 1 vectors ℎ𝑘 and ℎ𝑙 represent 𝑘
𝑡ℎ and 𝑙𝑡ℎ column of the channel 
matrix. Now consider 𝐻 =  𝐻𝐿𝑂𝑆 the optimal channel condition is given by: 
 
(ℎ𝑘, ℎ𝑙) =  ∑ 𝑒
(𝑗2𝜋𝑓[𝜏𝑛𝑘− 𝜏𝑛𝑙])
𝑁
𝑛=1
 
               =  ∑ 𝑒(𝑗
2𝜋
𝜆
[𝑟𝑛𝑘− 𝑟𝑛𝑙])
𝑁
𝑛=1
 
                                                  = ∑ 𝑒(𝑗2𝜋[∠ℎ𝑛𝑘− ∠ℎ𝑛𝑙])
𝑁
𝑛=1
= 0             (11) 
 
Where 𝑟𝑛𝑚 is the geometrical distance from the 𝑚
𝑡ℎ transmitting antenna to the 𝑛𝑡ℎ receiving 
antenna, 𝜆 is the wavelength and ∠ is the angle of operation. For a linear antenna array, the 
optimal condition can easily be satisfied by a careful deployment of the antennas. The distances 
𝑟𝑛𝑚 are given from the geometrical deployment and can be calculated from: 
 
𝑟𝑛𝑚 =  √𝑅2 + (𝑛𝑑𝑟 − 𝑚𝑑𝑡)2 ≈ 𝑅 (1 +
(𝑛𝑑𝑟 − 𝑚𝑑𝑡)
2
2𝑅2
) 
 
                  =  −
𝑛𝑚𝑑𝑟𝑑𝑡
𝑅
+ (
𝑛2𝑑𝑟
2 − 𝑚2𝑑𝑡
2
2𝑅
) + 𝑅                         (12) 
 
where 𝑑𝑡  and 𝑑𝑟 are the antenna separation along a common axis normal to the hop direction 
for the transmitter respective receiver and R is the hop length. Since 𝑑 <<  𝑅 the distances 
can be approximated from the first order Taylor expansion. The path difference between 
antenna pairs is given by: 
 
𝑟𝑛𝑘 − 𝑟𝑛𝑙 =  
(𝑖 − 𝑘)𝑛𝑑𝑟𝑑𝑡
𝑅
+  
(𝑘2 − 𝑙2)𝑑𝑡
2
2𝑅
                                  (13) 
 
The second term 
(k2−l2)dt
2
R
 introduces a common phase shift which does not change the 
orthogonality. This gives the resulting condition: 
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       〈𝒉𝑘, 𝒉𝑙〉 =  ∑ 𝑒
(𝑗2𝜋
𝑑𝑡𝑑𝑟
𝜆𝑅
(1−𝑘)𝑛) = 0
𝑁
𝑛=1
                              (14) 
By solving this equation subjected to the antenna separation distances it yields the solution 
corresponding to the smallest separations as: 
 
                             𝑑𝑡𝑑𝑟 =  
𝜆𝑅
𝑁
                                                      (15) 
So far the antenna array setup has been assumed to be parallel but the idea can easily be 
extended to non-rectangular setup. It has shown in [32] that every linear array setup can be 
projected on the virtual parallel array for which the given optimality expression (15) is valid. 
2.5 Space-Time Block Coding 
 
Space-time block coding (STBC) has been developed to distribute reliable transmission 
for the multiple input multiple output (MIMO) antenna system [33]. Various STBC designs 
construct codes with different multiplexing and diversity gains [34]. Within these numerous 
designs, the STBC transmission which relies on the combination of the spatial division 
multiplexing (SDM) [35] and that Alamouti STBC is the interest of this research work. The 
Alamouti configuration, one of the orthogonal space-time block codes (OSTBC) transmits 
redundant copies of symbols to compensate fading, assuming that some of the symbols will be 
received at the receiver side in a better state than others [36]. 
Lately, space–time codes have also been reviewed for frequency selective fading 
channels generating inter-symbol interference (ISI). In [37], it is mentioned that an error floor 
occurs when space–time encoded signals are transmitted over ISI channels. Therefore, 
equalization is inevitable. Moreover, several STBC configurations relying on the processing of 
entire bursts have been proposed for frequency selective fading channels, for example, space-
frequency coding using orthogonal frequency division multiplexing (OFDM) modulation [37]. 
These schemes are well suited for block fading channels and yield a high gain over single-input-
single-output (SISO) transmission in this case. However, their extension to channels with time-
variant behaviour inside a transmission block does not seem to be straightforward [38]. 
Multiple transmits and receive antennas are recently used to enhance the performance of 
wireless communications of MIMO systems at a considerable amount. Space Time Block Coding 
(STBC) has risen as one of the promising candidates in exploiting spatial diversity. Alamouti [36] 
proposed an STBC which attains full rate using two antennas at the transmitting end and one 
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antenna at the receiving end. Although, the complexity of STBC still exist when more than two 
transmit and more than one receive antennas are used. By using two or more transmit 
antennas; transmitted signals are repeated in different time slots in this type of diversity 
method [39]. If the transmit and receive antennas are separated appropriately, each replica of a 
signal confronts independent fading. Due to independent channel fading coefficients for slow 
flat fading channels for all the copies of transmitted signals, the probability of experiencing deep 
fading is scarce [39]. In order to overcome the low transmission rate of the Alamouti code, 
numerous other STBCs have been proposed up to the present [40], [41]. In [42], authors 
investigate a 2 × 2 full-rate full-diversity STBC which provided the best possible performance for 
PAM constellation corresponding to other 2 × 2 full-rate STBCs that have been lately published. 
Even though these codes in [40] and [41] benefit from full-diversity and full-rate properties, 
they suffer from the complexity at the receiver which leads to a high power consumption for 
the decoding procedure. For instance, the Golden code [40] and code proposed in [42], the 
complexity of the optimum receiver rises as the fourth power of the signal constellation size. 
Many STBCs are reported to minimize the complexity at the receiver side. For example, the 
STBC presented in [43] decreases the complexity of the sphere decoder [44], but still requires 
QR decomposition at the receiver which is time-consuming and complex. Another illustration is 
the designed STBC in [45] whose optimum receiver increases exponentially with the size of the 
signal constellation. To decrease the complexity of the STBCs with the high data transmission 
rate, a full rate and full diversity STBC for two transmit antennas was introduced in [39] which 
results in a linear complexity at the receiver.  
Space-time block codes are a generalized version of Alamouti coding, however, 
possesses the identical characteristics. These codes are orthogonal and may attain full transmit 
diversity stated by the number of transmit antennas. In other words, space-time block codes 
are a complex version of Alamouti space-time code, where the encoding and decoding schemes 
are the same as there in the Alamouti space-time code on both the transmitter and receiver 
sides. The data is mapped in the form of a matrix in which the number of columns are equal to 
the number of transmit antennas and rows are equal to the number of time slots needed for 
transmitting the data. At the receiver side, the received signals are combined initially and then 
sent to the maximum likelihood detector where the application of decision rules takes place. 
STBCs are designed to achieve the maximum diversity order for the given number of 
transmitting and receiving antennas subject to the constraint of having a simple linear decoding 
algorithm. This phenomenon has made STBCs a very popular and most widely used scheme. 
In [46], methods based on training seem to give better results on the performance of 
channel estimation at the receiver. Pure training based techniques can be considered as an 
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advantage when there is a requirement of designing an accurate and reliable MIMO channel. 
Although, this can also be a disadvantage when there is a requirement of bandwidth efficiency. 
This is because pure training based methods reduce the bandwidth efficiency significantly due 
to the use of a long training sequence which is necessarily required to gain a reliable MIMO 
channel estimate. Many wireless communication systems still use pilot sequences to estimate 
the channel parameters at the receiver side because of the complexity of blind and semi-blind 
methods. 
2.5.1 Alamouti Space-time Coding Scheme 
 
Since the invention of the BLAST Systems, Alamouti proposed a system diversity in 1998 
which improves the reliability of data transfer by using only two transmit antennas [36]. 
Alamouti scheme is the basis of the STBC method. The mathematical explanation of the scheme 
with two transmitting and one receiving antennas is also explained below.  
By using two transmit antennas and one receive antenna, Alamouti scheme provides 
the same diversity order as maximal-ratio receiver combining (MRRC) with one transmit 
antenna and two receive antennas [47]. This technique can be easily expanded to two transmit 
antennas and N number of receive antennas to provide a diversity order of 2N. This scheme 
depends on the following three functions: 
 
    the encoding and transmission sequence 
    the combining technique at the receiver 
    the decision rule for maximum likelihood detector 
 
For example, in case of two transmit antennas and one receiver antenna: 
 
 Antenna 1 Antenna 2 
Time (𝑡) 𝑠1 𝑠2 
Time (𝑡 + 𝑇) −𝑠2
∗ 𝑠1
∗ 
 
Table 1: Transmission Sequence for Alamouti STBC 
At time t, symbols s1 and s2 are transmitted from antenna one and two respectively. During 
time t + T, symbols −s2
∗ is transmitted from antenna one and s1
∗ is transmitted from antenna 
two.  
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For a single receiver antenna case at time t,  
h1(t) be the channel between transmitter antenna one and a receiver;   
h2(t) be the channel between transmitter antenna two and a receiver. 
 
 
  
 
 
 
 
 
 
 
 
Figure 7: Alamouti diversity scheme with one receiver 
 
The fading across two consecutive symbols is assumed to be constant, so we can have 
 
ℎ1(𝑡) = ℎ1(𝑡 + 𝑇) = ℎ1                              
                   ℎ2(𝑡) = ℎ2(𝑡 + 𝑇) = ℎ2                                        (16) 
 
The received signal 𝑟1 and 𝑟2 for both the time intervals 𝑡 and 𝑡 + 𝑇 can be given as 
 
𝑟1 = 𝑟1(𝑡) = ℎ1𝑠1 + 𝑠2ℎ2 + 𝑛1                                             
𝑟2 = 𝑟2(𝑡 + 𝑇) =  −ℎ1𝑠2
∗ + ℎ2𝑠1
∗ + 𝑛2                               (17) 
 
where, 𝑛1 and 𝑛2 represents the random noise at 𝑡 and 𝑡 + 𝑇.  
Then the combiner builds the following two combined signal which are sent to the 
maximum likelihood detector: 
 
TX antenna 1 TX antenna 2 
𝑠1, −𝑠2
∗ 
 
𝑠2, 𝑠1
∗ 
 
ℎ1 ℎ2 
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       ś1 = ℎ1
∗𝑟1 + ℎ2𝑟2
∗                                                          
       ś2 = ℎ2
∗𝑟1 − ℎ1𝑟2
∗                                    (18) 
 
Now, substituting (16) and (17) in  (18) we get,  
 
ś1 = (|ℎ1|
2 +  |ℎ2|
2)𝑠1 + ℎ1
∗𝑛1 + ℎ2𝑛2
∗                                           
       ś2 = (|ℎ1|
2 +  |ℎ2|
2)𝑠2 − ℎ1𝑛2
∗ + ℎ2
∗𝑛1                                           (19) 
 
These combined signals are then sent to the maximum likelihood detector which uses 
the following decision rule to minimize the distance metric over all possible values. 
 
choose 𝑠𝑖 if and only if 
 
(|ℎ1|
2 +  |ℎ2|
2 − 1)|𝑠𝑖|
2 + 𝑑2(ś1, 𝑠𝑖) ≤                                         
(|ℎ1|
2 +  |ℎ2|
2 − 1)|𝑠𝑘|
2 + 𝑑2(ś1, 𝑠𝑘),    ∀𝑖 ≠ 𝑘                                   (20) 
 
The encoder and decoder of the Alamouti scheme system is drawn in Figure 8 and 
Figure 9 respectively. The information is modulated before transmitting and given to the space-
time encoder. The space-time encoder is composed of two transmit antennas as part of the 
MIMO system and the information is transmitted over two separate antennas. Each 
transmitting and the receiving antenna pair has a channel, represented by different channel 
coefficients. These channel coefficients are the crucial components required for designing the 
system. The complexity of the system increases with the increase in a number of antennas at 
transmitter and receiver [20]. 
 
Figure 8: Alamouti Space-Time Encoder 
In space-time decoder, the received signal is given to the channel estimator. The 
estimated coefficients of the channel with the combiner are given as an input to the 
maximum likelihood detector. The detected signal is sent for demodulation. At the end, 
demodulator gives the original signal which was transmitted as an output. 
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Figure 9: Alamouti Space-Time Decoder 
 
2.6 Software Defined Radio 
 
Software Defined Radio (SDR) systems, in which signal processing components such 
as amplifiers, modulators, or special-purpose logics are defined in software [48]. SDR may 
provide flexible, upgradeable and longer lifetime radio equipment for wireless 
communications infrastructure. SDR may also provide more flexible and possibly cheaper 
multi-standard terminals for end users. SDR also poses many challenges, however, some of 
them causing SDR to evolve slower than otherwise anticipated. Transceiver development 
challenges include size, weight and power issues such as the required computing capacity, 
but also architectural challenges such as waveform application portability [49]. SDR has 
demanding implications for regulators, security organizations and business developers.  
SDR is a communication system in which radio components including mixers, filters, 
modulators/demodulators and detection circuits are implemented in a programmable 
medium to provide increased flexibility and capabilities. SDR block diagram is shown in 
figure 10. 
 
 
 
 
 
 
Figure 10: SDR Block Diagram 
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An SDR may include several hardware or fixed components including an antenna, 
front-end RF hardware and an ADC or DAC, while the rest of the functionality can be 
implemented in a software or programmable medium. The software part includes well 
architected FPGA systems which can provide both the necessary bandwidth and processing 
capabilities needed for implementing complex SDRs, and they can do so at different 
sampling rates and GHz-range bandwidths. 
Usually SDR is given a more practical interpretation, implying simply that large parts 
of the waveform are defined in software, giving the flexibility to change the waveform 
within certain bounds as given by the actual system. The flexibility is commonly assumed to 
extend at least to multi-band and multi-modulation. There are many motivations for 
utilizing SDR solutions. For the military sector, where communication systems need to have 
a longer service life time than in the commercial sector, SDR helps to protect investments 
by prolonging the useful service life of communication systems. This is facilitated through 
SDR allowing the possibility to change waveforms and/or load new waveforms on already 
acquired SDR equipment [49]. SDR has the potential to increase the productivity of radio 
communication development and lower the lifecycle costs of radio communication. 
In this research, NI USRP-2953R SDR platform with LabVIEW is used to conduct all 
the measurements under LOS and NLOS conditions. 
2.7 Universal Software Radio Peripheral (USRP) 
 
This section includes the general model of USRP and detail specification of NI-USRP 
2953R used in this project. 
2.7.1 Overview 
 
The NI USRP SDR platform provides an integrated hardware and software solution 
for rapidly prototyping high-performance wireless communication systems. Each USRP RIO 
device has two RF transceivers and a large Xilinx Kintex-7 (410T) FPGA in a half-1U rack-
mountable form factor. The Kintex-7 FPGA is a reconfigurable LabVIEW FPGA target that 
incorporates DSP48 processing for high-rate, low-latency applications. With the flexible 
hardware architecture and the LabVIEW unified design flow, researchers can prototype 
faster and significantly shorten the time to obtain the results. Researchers around the 
world are using this design flow to prototype a wide range of advanced research 
applications that include MIMO; synchronization of heterogeneous networks; LTE relaying; 
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RF compressive sampling; spectrum sensing; cognitive radio; beamforming; and direction 
finding. 
 
 
Figure 11: NI USRP RIO Block Diagram 
 
The latest wireless communication technologies require more expensive testing 
and measurement equipment to accurately characterize the performance of the 
increasingly complex wireless devices. A less expensive alternative can be found in the 
universal software radio peripheral (USRP), which is an active, programmable device [50]. 
USRPs have been proved to be useful for complete active multiple-input-multiple-output 
(MIMO) over-the-air (OTA) characterization in terms of throughput, total isotropic 
sensitivity, and total radiated power in a reverberation chamber (RC) [51]. In addition, 
USRPs have been widely used in testbeds for experimental evaluation of different 
communication protocols [52], algorithms [53], [54], network architectures [55], and a 
massive MIMO testbed [56]. However, the feasibility of using USRPs as measurement 
instruments for passive OTA characterization of antennas is not found in the open 
literature. In addition, there cannot be found any comparison with measurements obtained 
with standard RF measurement equipment such as a high-end vector network analyser 
(VNA).  
The USRPs are economical programmable radio platforms for research and 
development in radio and wireless communications. The USRP consists of two main 
features: 1) the hardware, and 2) the software. The latest models of USRP have wider 
bandwidth, several RF ports, and a faster processor as compared to their predecessors. For 
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the used model of the USRP, the software is programmed by the user who defines the 
complete communication system and sets important parameters. The USRP is an SDR 
reconfigurable RF hardware designed to build and test digital communication systems. The 
USRP is extensively used by researchers as a wireless prototyping platform and by 
universities as a teaching aid [57]. National Instruments has further designed programming 
software known as Laboratory Virtual Instrument Engineering Workbench (LabVIEW). This 
software is based on a system design platform. Real-time processing can be achieved in 
LabVIEW possible when data is streamed to and from the USRP via a gigabit-per-second 
Ethernet connection or high speed, low latency PCI express interface. Therefore, the 
innovation of both USRP and LabVIEW has assisted various researchers and educators.  
For instance, when phase shift keying (PSK) modulated signal is transmitted, the 
processing of the bits and mapping to PSK symbols is coded in LabVIEW. Later, I/Q LabVIEW 
processed signal is passed to the USRP through the interface. The USRP up-converts the 
signal to RF following the USRP configuration set up in LabVIEW. Then the signal is 
amplified and transmitted by the USRP over the air. 
On the other hand, the NI USRP is also capable of receiving the signal using a direct 
conversion receiver to baseband I/Q components when the received signal is mixed down 
from radio frequency. The digital I/Q data follows parallel paths through a digital down-
conversion process that mixes, filters, and decimates the input signal to a user specified 
rate. The down converted samples are then passed to the host computer over a standard 
gigabit Ethernet connection or high speed, low latency PCI express interface. 
The technical specifications of USRP units (NI USRP-2953R) used in this project are 
as follows [50]: 
 
 1.2 GHz to 6 GHz Tuneable RF Transceiver 
 Large reconfigurable DSP48 based Xilinx Kintex-7 FPGA 
 40 MHz per channel real-time bandwidth featuring up to 80 dB of dynamic 
range 
 High-speed, low-latency PCI Express x4 (~800 MB/s) connection to the host 
 Optimised RF performance with corrections for DC offset, I/Q imbalance 
and amplitude accuracy 
 Unified NI LabVIEW design flow for host and FPGA 
 Required software: NI LabVIEW (32-bit) and LabVIEW FPGA module for 
FPGA programming 
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 Windows 8/7/XP support 
 
2.7.2 Front Panel of NI USRP-2953R Module 
 
 
Figure 12: Front Panel of NI USRP-2953R Module [58] 
 
Please refer to the appendix 7.1 and 7.2 for the detail specifications of the front 
panel connectors and LEDs respectively. 
2.7.3 Back Panel of NI USRP-2953R Module 
 
 
Figure 13: Back Panel of NI USRP-2953R Module [58] 
 
Please refer to the appendix 7.3 for the detail specifications of the back panel 
connectors. 
 
2.7.4 Characteristics of NI USRP-2953R 
 
This section lists the characteristics of NI USRP-2953R. All these characteristics are 
based on the manufacturing design.  
 Power 
- Input voltage: 9 V to 16 V, DC 
- Input Current: 7.5 A, maximum 
- Typical power consumption: 38 W to 44 W, varies by application   
 On-board DRAM 
- Memory size: 1024 MB  
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 Transmitter 
 
Table 2: Transmitter Characteristics 
Number of Channels 2 
Frequency Range 1.2 GHz to 6 GHz 
Frequency Step <1 kHz 
Maximum 
output 
power (Pout) 
1.2 GHz to 3.5 GHz 
50 mW to 100 mW (17 dBm to 20 
dBm) 
3.5 GHz to 6 GHz 
5 mW to 32 mW (7 dBm to 15 
dBm) 
Gain 0 dB to 31.5 dB 
Step Gain 0.5 dB 
Frequency Accuracy 
25 ppb (unlocked), <1 ppb, typical 
(locked to GPS signal) 
Maximum 
instantaneou
s real-time 
bandwidth 
NI 2953R 40 MHz 40 MHz 
NI 2953R 120 MHz 120 MHz 
Maximum I/Q Sample Rate 200 MS/s 
Digital-to-
analog 
converter 
(DAC) 
Resolution 16 bit 
Spurious-Free 
dynamic range 
(sFDR)  
80 dB 
 
 
 Receiver 
 
Table 3: Receiver Characteristics 
Number of Channels 2 
Frequency Range 1.2 GHz to 6 GHz 
Frequency Step <1 kHz 
Maximum input power (Pin) -15 dBm 
Gain 0 dB to 31.5 dB 
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Step Gain 0.5 dB 
Noise figure 5 dB to 7 dB 
Frequency Accuracy 
25 ppb (unlocked), <1 ppb, typical 
(locked to GPS signal) 
Maximum 
instantaneous 
real-time 
bandwidth 
NI 2953R 40 MHz 40 MHz 
NI 2953R 120 
MHz 
120 MHz 
Maximum I/Q Sample Rate 200 MS/s 
Analog-to-
Digital 
converter (ADC) 
Resolution 14 bit 
Spurious-Free 
dynamic range 
(sFDR)  
88 dB 
 
2.8 Chapter summary 
 
This chapter provides a literature review of all the basic concepts and important 
techniques which are critical for understanding this thesis including fundamentals of a digital 
communication system, system performance parameters and characteristics of a wireless 
channel. It also outlines the evolution of MIMO systems, STBC and general information about 
SDR. This chapter concludes by the presenting the detail specifications of USRP relevant to the 
project.  
The next chapter presents the approaches and methodologies to achieve the objectives 
of this research project. 
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3 Research Methodology 
In this research work, a 2 x 2 MIMO system with Alamouti STBC was implemented 
using the recently developed National Instrument’s (NI) Universal Software Radio 
Peripheral (USRP) 2953R. The algorithm for 2 x 2 MIMO system with Alamouti space-time 
block coding was developed in LabVIEW. This section of the thesis describes the system 
model of 2 x 2 MIMO system with Alamouti STBC which includes LabVIEW representation of 
transmitter and its receiver.  
3.1 System Model 
 
A general model of Alamouti STBC MIMO communication system is shown in Figure 
14. STBC includes the use of multiple transmit and receive antennas. The information from 
the source is mapped into the bits by using symbol mapper. This symbol mapper uses BPSK 
modulation technique for mapping. The mapped bits are then serially distributed to parallel 
sub-streams before submitting Alamouti space-time block encoder. In each sub-stream, bits 
are mapped into the signal waveforms which are then transmitted from the antenna 
corresponding to that sub-stream. Interference takes place as the signals are transmitted 
simultaneously over each antenna as they propagate through the wireless channel. The 
receiver receives the transmitted signal at receiver antenna element and inverts the 
transmitter process in order to decode the data with Alamouti space-time block decoder.  
 
 
 
 
 
 
Figure 14 : Generalized Block diagram of Alamouti System Model 
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3.2 Transmitter Design 
 
The Figure 15 shows the transmitter design in LabVIEW. 
 
  
Figure 15: Transmitter in LabVIEW 
 
 
3.2.1 Modulation Parameters 
 
 The first step at the transmitter side is generating the modulation parameters. 
These parameters include training sequence, TX and RX oversampling factor, filter 
parameter and modulation scheme.  We are able to insert the values of these modulation 
parameters on the front panel of the LabVIEW. Digital communications theory dictates the 
relationship between the pulse shaping filter (transmit side) and matched filter (receive 
side) for a given communications system. This block generates the appropriate matched 
filter coefficients corresponding to the pulse shaping filter. Then, it creates the array of 
symbol maps and bits/symbol for the BPSK modulation scheme.  
 
3.2.2 Bits Generation  
 
The second step is generating the bits for the message. This block generates the PN 
sequence which acts as message bits. The PN sequence used here generates a true pseudo-
random bit sequence that exhibits the three properties of true pseudo-noise data, namely 
the balance, run and autocorrelation properties. The repeat period of the generated 
sequence is 2^N-1 where N is the requested PN sequence order. At the end, bit shifting is 
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done to the right by 1 bit so that the final seed correctly depicts the bits 1 to N and not bits 
0 to N. 
 
3.2.3 Symbol Mapping and Alamouti Encoding  
 
The generated bits are then mapped into the symbols using the MT map bits to 
symbols VI in LabVIEW. The Alamouti encoding scheme is then applied to the generated 
symbols. The Alamouti encoding scheme for two transmit antenna in LabVIEW is shown in 
Figure 16. The transmission sequence is exactly the same as we discussed in the section 
2.5.1 Alamouti STBC. 
 
 
Figure 16: Alamouti encoding scheme in LabVIEW 
 
 
3.2.4 Training Sequence  
 
The result of the Alamouti block in LabVIEW is a 2D array with two streams, one for 
each transmitter. After encoding the symbols, the application prepends a training symbol 
sequence to each stream. The purpose of this block is to prepend each transmit packet with 
zeros to cover all training sequences, then insert training sequence at offset appropriate to 
transmit antenna. This helps to arrange the data so that the sequence is transmitted by one 
of the two transmitters and then the other. The receiver uses the training sequence for 
synchronization and to estimate the channel. 
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3.2.5 Up-sampling and Pulse Shaping Filter  
 
The final step involves the up-sampling of the incoming symbol sequences to the 
rate specified in the TX oversample factor and then applying a pulse shaping filter to the up-
sampled signal. This block validates the input parameters such as symbol array, pulse 
shaping filter coefficients, samples per symbol and symbol rate. It also performs pulse 
shape filtering on the input symbol data to generate the equivalent digital BPSK (in this 
case) modulated signal. 
The transmitter design is summarized in the following block diagram (Figure 17). 
 
 
Figure 17: Model Block Diagram of the Transmitter 
 
3.2.6 Data Flow of the Transmitter in LabVIEW 
 
A 2D array of symbols was generated after applying Alamouti STBC to the 
generated symbols. This 2D array of symbols is associated with two streams. Since it is a 2 x 
2 MIMO, one stream is available for each transmitter. After that, a training sequence was 
added to each transmit antenna. For both transmitters, the training symbol sequence 
remains the same, however only one training sequence is transmitted by one of the two 
transmitters at a time. This training sequence is used by the receiver for synchronization 
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 and channel estimation. Lastly, up-sampling of symbols was carried out according to the 
defined TX symbol rate on the front panel and also filtering the up-sampled signal with a 
pulse shaping filter before transmission. 
 
3.3 Receiver Design 
 
The Figure 18 shows the receiver design in LabVIEW. 
 
 
 
Figure 18: Receiver in LabVIEW 
 
3.3.1 Packet Extraction  
 
On the receiver side, the first step includes the extraction of the packets from the 
received frames of data. An energy detection algorithm determines the start of the packet 
and discards the remaining non-packet portion of the frame. In other words, this step finds 
the packet to acquire and trims the non-packet part. 
 
3.3.2 Matched Filter and Down-sampling  
 
After finding the packet, matching filter to each stream is applied and determines 
the stream with the stronger signal by comparing the energy between the two rows of the 
2D received array. Then symbol synchronization is applied to the row with the stronger 
signal and then the calculated offset is applied to both rows. The matched filtering enables 
to receive maximum SNR. This block verifies that the input parameters into the VI are valid 
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matched filter parameters. After verifying, it performs matched filtering by passing the 
input oversampled complex baseband waveform through the matched filter. At the end, it 
ensures that the matched filtering operation returns an integer number of symbols at the 
output. 
 
3.3.3 Symbol and Frame Synchronization   
 
The next step involves symbol and frame synchronization which depends on the 
structure of the two training sequences on the transmitter side. Symbol sync is done by 
using the data from the antenna with the strongest signal.  In the case of frame sync, both 
transmitters use the same training sequence but are offset from one another in time. When 
they are overlapped, they appear as one continuous training sequence that is twice the 
length. The application exploits this overlapping for frame synchronization by searching for 
the portion of the received signal where the two consecutive sets of T symbols (where each 
training sequence is of length T) are the most highly correlated. Lastly, calculated frame 
offset is applied to both rows of the received 2D array. Symbol and frame synchronization 
block is implemented by using built-in LabVIEW functions.  
 
3.3.4 Channel Estimation   
 
The channel estimation is calculated after synchronising the frames and applying 
frequency offset correction. The channel characteristics are not always known at the 
beginning of the transmission or it can be time variant. Therefore, it is necessary to adapt 
our equalizer to these variations. In order to achieve that, the equalizer has to track the 
changes of the channel characteristics, a process called Channel Estimation. In the case of 2 
x 2 MIMO, four different channels are present for channel estimation. Each row of the 2D 
array contains two training sequences (one from each transmitter). Therefore, channel 
estimation is performed on each training sequence in each row then the four channel 
estimation is determined. Channel estimation block is implemented by using built-in 
LabVIEW functions. 
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3.3.5 Alamouti Decoding  
 
These estimates are important for the next step where a 2D array of symbols are 
converted into the proper 1D array of symbols by decoding the Alamouti coding scheme 
and then combining. The transmission sequence of the information symbols is exactly the 
same as in the case of the single receiver, shown in Table 1. As we have two receivers (2 x 2 
MIMO) in our experiments, the Alamouti scheme for two receiver antennas is shown in 
Figure 19.   
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Alamouti diversity scheme with two receivers 
  There are four channels between transmitter and receiver, as there are two 
transmitting and two receiving antennas. The channels between transmit and receive 
antennas are defined in Table 7. 
 
 
 
 
 
TX antenna 1 TX antenna 2 
𝑠1, −𝑠2
∗ 
 
𝑠2, 𝑠1
∗ 
 
ℎ1 ℎ4 
RX antenna 1 RX antenna 2 
ℎ2 ℎ3 
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 Table 4: Channels between Transmit and Receive antennas 
 RX antenna 1 RX antenna 2 
TX antenna 1 
 
ℎ1 
 
 
ℎ3 
 
TX antenna 2 
 
ℎ2 
 
 
ℎ4 
 
 
 
As we have two receiver antennas, it is important to define the notations for the 
received signal at different time slots, shown in Table 8. 
 
Table 5: Received signals at the Two Receiver Antennas for different time slots 
 RX antenna 1 RX antenna 2 
Time t 
 
𝑟1 
 
 
𝑟3 
 
Time (t + T) 
 
𝑟2 
 
 
𝑟4 
 
 
Thus, received signals can be expressed as: 
 
𝑟1 = ℎ1𝑠1 + ℎ2𝑠2 + 𝑛1 
             𝑟2 =  −ℎ1𝑠2
∗ + ℎ2𝑠1
∗ + 𝑛2 
𝑟3 = ℎ3𝑠1 + ℎ4𝑠2 + 𝑛3 
            𝑟4 =  −ℎ3𝑠2
∗ + ℎ3𝑠1
∗ + 𝑛4                                  (21) 
 
n1, n2, n3 and n4 represents the random noise. Now, similar to the equation (18) the 
combiner (Alamouti combining) builds the two signals (in this case two receiver antennas) 
which are then sent to the maximum likelihood detector: 
 
     ś1 = ℎ1
∗𝑟1 + ℎ2𝑟2
∗ + ℎ3
∗𝑟3 + ℎ4𝑟4
∗ 
     ś2 = ℎ2
∗𝑟1 − ℎ1𝑟2
∗ + ℎ4
∗ 𝑟3 − ℎ2𝑟3
∗                                              (22) 
 
Substituting the appropriate equations, we get 
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      ś1 = (|ℎ1|
2 +  |ℎ2|
2 +  |ℎ3|
2 + |ℎ4|
2)𝑠1 + ℎ1
∗𝑛1 + ℎ2𝑛2
∗ + ℎ3
∗ 𝑛3 + ℎ4𝑛4
∗          
     ś2 = (|ℎ1|
2 +  |ℎ2|
2 +  |ℎ3|
2 +  |ℎ4|
2)𝑠2 − ℎ1𝑛2
∗ + ℎ2
∗𝑛1 − ℎ3𝑛4
∗ + ℎ4
∗ 𝑛3    (23) 
 
These combined signals are then sent to the maximum likelihood detector which uses the 
following decision criteria: 
For signal s1, choose si if and only if 
 
 (|ℎ1|
2 +  |ℎ2|
2 +  |ℎ3|
2 +  |ℎ4|
2 − 1)|𝑠𝑖|
2 + 𝑑2(ś1, 𝑠𝑖) ≤ 
 (|ℎ1|
2 +  |ℎ2|
2 +  |ℎ3|
2 +  |ℎ4|
2 − 1)|𝑠𝑘|
2𝑑2(ś1, 𝑠𝑘)                                 (24) 
 
Similarly, for signal s2, choose si if and only if 
 
 (|ℎ1|
2 +  |ℎ2|
2 +  |ℎ3|
2 +  |ℎ4|
2 − 1)|𝑠𝑖|
2 + 𝑑2(ś2, 𝑠𝑖) ≤ 
 (|ℎ1|
2 +  |ℎ2|
2 +  |ℎ3|
2 +  |ℎ4|
2 − 1)|𝑠𝑘|
2 + 𝑑2(ś2, 𝑠𝑘)                     (25) 
 
 
Figure 20: Alamouti Receiver in LabVIEW 
 The design of Alamouti receiver is shown in Figure 20. With the Alamouti STBC, 
we can say that the combined signals from the two receive antennas are the simple 
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addition of the combined signals from each receive antenna. After Alamouti decoding, the 
system gives the BER of the received signal.  
 The receiver design is summarized in the following block diagram (Figure 21). 
 
 
Figure 21: Model Block Diagram of the Receiver 
 
3.3.6 Data Flow of the receiver in LabVIEW 
 
On the receiver side, the first step involves the extraction of received packet from 
data frames. The received signal is a 2D array with each row representing a stream of 
received signal from each TX antenna. A stream with the stronger signal was determined by 
comparing two rows of the received 2D array. The strongest signal was detected by using a 
matched filter. Then the symbol synchronization of the strongest signal was done with the 
data from the antenna. Considering channel estimation, each row of the 2D array consists 
of two training sequences i.e. one training sequence from each transmitter. Hence, the 
channel is estimated for each transmit antenna from the relative segment of the training 
sequence. These channel estimates play a vital role for converting the 2D array of symbols 
to 1D array of symbols by decoding the Alamouti space-time coding scheme. 
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3.4 Chapter summary 
 
This chapter describes in detail the experimental approach used to design the 2 x 2 
MIMO system with Alamouti STBC in LabVIEW. The chapter starts by presenting the 
generalised system model of Alamouti STBC. Then, it provides the detail design of 
transmitter in LabVIEW which includes modulation parameters, bits generation, symbol 
mapping and Alamouti encoding, training sequence, up-sampling and pulse shaping filter. It 
also describes the receiver design in LabVIEW which includes packet extraction, matched 
filter and down-sampling, symbol and frame synchronisation, channel estimation and 
Alamouti decoding. 
The next chapter presents the simulations, measurement set-up and results 
obtained from each of the experiments.      
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4 Simulations, Experiments and Results 
This chapter presents the simulated and implemented 2 x 2 MIMO with Alamouti 
STBC system with their results. It also describes the measurement settings and procedure 
used during the experiments. At the end, it analyses the performance of the implemented 
MIMO system in terms of BER.  
4.1 Simulations 
 
Firstly, the performance simulations of one transmitter and one receiver (1 x 1) 
system in Rayleigh and Rician fading with AWGN channel are carried out in MATLAB. 
Moreover, the 2 x 2 MIMO system with Alamouti STBC is also simulated in Rayleigh and 
Rician environments. For this system, the performance comparison is carried out in 
Rayleigh and Rician fading channels.     
 
Over Rayleigh Channel: 
The performance comparison of 1 x 1 system over Rayleigh fading and AWGN 
channel using BPSK modulation is discussed in this section. Rayleigh Fading model is used to 
simulate environments that have multiple scatters and NLOS path. We consider a simple 
flat fading Rayleigh channel. The channel also adds AWGN noise to the signal samples after 
it suffers from Rayleigh Fading. 
The received signal y can be represented as 
𝑦 = ℎ𝑥 + 𝑛                                                           (26) 
Here, n is the noise contributed by AWGN which is Gaussian distributed with zero 
mean and unit variance and h is the complex channel amplitude scaling factor that follows 
Rayleigh distribution. For a simple AWGN channel without Rayleigh fading, the received 
signal is represented as (y = x + n). 
The theoretical BER for BPSK modulation scheme over Rayleigh fading channel 
(with AWGN noise) is given by: 
𝑃𝑏 =
1
2
(1 − √
𝐸𝑏/𝑁0
1 + 𝐸𝑏/𝑁0
)                                  (27) 
The theoretical BER for BPSK modulation scheme over an AWGN channel is given 
here  
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𝑃𝑏 =
1
2
𝑒𝑟𝑓𝑐 (√
𝐸𝑏
𝑁𝑜
)                                               (28) 
 
Simulation Model:  
The following model is used for the simulation of BPSK over Rayleigh Fading 
channel and its comparison with AWGN channel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Rayleigh Fading Simulation Model 
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Simulation Results:  
The simulated and theoretical performance curves of 1 x 1 system using BPSK 
modulation over Rayleigh Fading channel and the AWGN are given below. 
 
Figure 23: Performance Comparison of 1 x 1 system over Rayleigh and AWGN Channels 
 
Over Rician Channel: 
Rician Fading model is used to simulate environments that produce multipath 
components in addition to a dominant Line of Sight (LOS) component. The LOS component 
is called ‘specular’ component and the multipath components are called ‘random or 
scatter’ components. 
Consider two Gaussian random variables 𝑋 and 𝑌. Here, the random variable 𝑋  
models the specular component (LOS) and 𝑌 models the random/scatter component 
(NLOS). By definition, 𝑋 has non-zero mean (𝑚1 = 𝑠), Y has zero mean (𝑚2 = 0) and 
both have equal variance 𝜎2. Here, 𝑚1  and 𝑚2  are the means of the distributions and 𝜎2  
is the variance.  Then the transformation 𝑍 =  √𝑋2 + 𝑌2 is Rician distributed.  
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Since, the two variables 𝑋 and 𝑌 have different ‘means’‖, a non-centrality 
parameter (indicating the non-central mean) is used for simulation. 
𝑠 =  √𝑚1
2 + 𝑚2
2 =  √𝑠2 + 0                                             (29) 
The imbalance in the ‘means’ is caused by the presence of dominant path in a 
Rician Fading environment. Due to this, the Rician k-factor representing the ratio of power 
of Line-Of-Sight (LOS) (or dominant multipath component) and the power of Non-Line-Of-
Sight (NLOS) (or the remaining multipath components) is defined in such scenario. 
𝑘 =  
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝐿𝑂𝑆 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑁𝐿𝑂𝑆 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
                              (30) 
This can be represented as the power in the faded envelope that has been 
produced by the means of 𝑋 and 𝑌. 
𝑘 =
𝑚1
2 + 𝑚2
2
2𝜎2
=  
𝑠2
2𝜎2
                                                         (31) 
A Rician fading channel is described using two parameters:  
 Rician K factor  
 The total power of direct (LOS) path & the scattered paths (𝑠2 + 2 𝜎2).  
In the following simulation, the above two parameters are used as inputs. The 
Rician K factor and the total power of the dominant & scatter components are given. 
Therefore, it is imperative that we must formulate the means and variances of the Gaussian 
distribution from the given Rician K factor. 
Let’s define 𝑠 and 𝜎, such that they satisfy the equation (26), 
𝑠 =  
𝑘
𝑘 + 1
. (𝑇𝑜𝑡𝑎𝑙 𝑃𝑜𝑤𝑒𝑟)                                              (32) 
𝜎 =  
𝑇𝑜𝑡𝑎𝑙 𝑃𝑜𝑤𝑒𝑟
√2(𝑘 + 1)
                                                             (33) 
  
To simulate a Rician Fading channel, mean and standard deviation of the underlying 
Gaussian random variable have to be calculated with the given Rician k factor and the total 
power of the components (LOS + NLOS). For simulation purposes, one of the random 
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variable 𝑋 is generated with mean equal to non-centrality parameter (equation 32) and the 
other random variable 𝑌 is generated with zero mean. Both random variables have same 
standard deviation (equation 33).  
As discussed above, in Rician Fading, the specular component X has to be a 
Gaussian random variable with mean = s and standard deviation = σ, but the scatter 
component Y has to be generated with mean = 0 and standard deviation = σ. 
Simulation Model:  
The following model is used for the simulation of BPSK over Rician fading channel 
for various k factors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Rician Fading Simulation Model 
 
Simulation Results:  
 This simulation is executed considering Rician fading channel for several 
values of k-factor. From the Figure 25, we can say that when k-factor is increased, the 
portion of the LOS signal is increased reducing the probability of deep fading. Hence, the 
BER performance improves with the increase in k-factor. The simulated performance curves 
of 1 x 1 system using BPSK modulation over Rician Fading channel with AWGN for various k 
factors are given below. 
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Figure 25: Performance Comparison of 1 x 1 over Rician Channel for various k factors 
 
Simulation Model for 2 x 2 MIMO with Alamouti STBC using BPSK: 
 
 Generate random binary sequence 
 Group them into pair of two symbols 
 Apply Alamouti STBC  
 Multiply the symbols with the channel and then add AWGN 
 Equalize the received symbols 
 Perform decoding and count the bit errors 
 Repeat for multiple values of 
𝐸𝑏
𝑁0
 and plot the simulation and theoretical results 
The channel has been assumed to be constant over both the time slots.  
Simulation Results:  
The BER performance is improved with the increase in diversity order for both the 
channels. Also, the BER performance of 2 x 2 MIMO system with Alamouti STBC is observed 
to be superior in case of Rician channel as compared to Rayleigh channel.   
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 Figure 26: Performance Comparison of 2 x 2 MIMO with Alamouti STBC in Rayleigh 
and Rician Channels 
  
4.2 Experiments 
 
Real propagation environments deviate from Rayleigh conditions, as both line-of- 
sight (LOS) and non-line-of-sight (NLOS) signal components reach the receiver. Because of 
the presence of two components, the independent transmission scheme is unable to realize 
the maximum capacity of MIMO system. To study the performance of a wireless system, 
knowledge of whether the transceiver path is line-of-sight (LOS) or non-line-of-sight (NLOS) 
may be of significant importance. SNR is highly dependent on the setup and includes 
variables like bandwidth, antenna gain, noise figure, etc.). For low noise figure, high gain 
(lower attenuation) needs to set to lower the overall noise figure of the receiver and hence, 
lower noise figure will improve SNR. This SNR is estimated with the assumption that time 
and frequency synchronisations are ideal.  
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In this project, we calculated SNR (dB) by adjusting total antenna gains during 
experiments. 
Noise Power Spectral Density is given by: 
𝑁𝑜𝑖𝑠𝑒 𝑃𝑜𝑤𝑒𝑟 𝑆𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑘𝑇                                                 (34) 
Where k = 1.38 ∗ 10−23 J/°K (Boltzmann’s constant), 
T = 290 °K (Absolute temperature)  
𝑁𝑜𝑖𝑠𝑒 𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 𝑑𝐵𝑚 =  −174 𝑑𝐵𝑚/𝐻𝑧 
The Noise Power of the USRP was measured to be -100.55 dBm. However for the 
bandwidth of 40 MHz, the Noise Power can be used as: 
𝑁𝑜𝑖𝑠𝑒 𝑃𝑜𝑤𝑒𝑟 = −100.55 + 10 𝑙𝑜𝑔10(40 ∗ 10
6) = −24.55 𝑑𝐵𝑚  (35) 
We have, 
𝑆𝑁𝑅 (𝑑𝐵) = 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑑𝐵) − 𝑁𝑜𝑖𝑠𝑒 𝑝𝑜𝑤𝑒𝑟 (𝑑𝐵)               (36) 
Now, we estimate received power using link budget and is given by: 
𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 (𝑑𝐵𝑚)
=  𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑑𝐵𝑚) +  𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝑔𝑎𝑖𝑛 (𝑑𝐵)
−  𝐿𝑜𝑠𝑠𝑒𝑠 (𝑑𝐵)                                                                   (37)  
The transmitted power of the USRP device used at 2.4 GHz is 18 dBm and total antenna 
gain can be adjusted through the front panel in LabVIEW (in this case 20 dB) as per the 
required received power. To calculate losses in dB, we used the following formula of Free-
space path loss (FSPL):  
𝐹𝑆𝑃𝐿 (𝑑𝐵) = 20 𝑙𝑜𝑔10(𝑑) + 20 𝑙𝑜𝑔10(𝑓) + 20 𝑙𝑜𝑔10 (
4𝜋
𝑐
)                (38) 
Where 𝑑 = 0.75 𝑚 is the distance between transmitter and receiver, 𝑓 = 2.4 𝐺𝐻𝑧 is the 
frequency of signal and 𝑐 = 3 ∗ 108 𝑚/𝑠 is the speed of light. 
After substituting the values in (38), we get: 
𝐹𝑆𝑃𝐿(𝑑𝐵) = 37.55 𝑑𝐵 
Substituting the values of transmitted power, total antenna gain and losses in (37), we get: 
𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 (𝑑𝐵𝑚) = 0.45 𝑑𝐵𝑚 
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Recalling the equation (36) of SNR (dB) and substituting the values of received power and 
noise power, we get: 
𝑆𝑁𝑅 (𝑑𝐵) = 0.45 + 24.55 = 25 𝑑𝐵 
This 25 dB SNR is achieved by the total antenna gain of 20 dB.  Similarly, for 0 to 15 dB 
antenna gain: 
Antenna Gain (dB) SNR (dB) 
0 5 
5 10 
10 15 
15 20 
 
  Therefore, experiments considered LOS and NLOS conditions at different SNRs for 
a range of antenna spacing at the receiver antenna arrays. These experiments were 
conducted in an anechoic chamber (shown in Figure 27) to avoid interference from external 
sources. 
4.2.1 Measurement Settings and Procedure 
 
The overall system setup is shown in Figure 27. This system includes one personal 
computer running on Windows 7 Enterprise operating system (LabVIEW installed), one NI 
USRP-2953R, PCIe interface and cable, four antennas, two SMA cables and two antenna 
stands. 
The average BER was measured at different SNRs with different receiver antenna 
spacing under LOS and NLOS conditions. The two receiver antennas were attached on 
flexible stands through SMA cables to vary the distance between them. During the 
experiments, LOS (Rician fading) conditions were obtained when there is no physical 
obstacle present between transmitter and receiver. On the other hand, NLOS (Rayleigh 
fading) conditions were obtained when there is a physical obstacle present between 
transmitter and receiver. When experiments at NLOS conditions were conducted, an array 
of chairs as a physical medium was placed between transmitter and receiver. In this way, 
fading was implemented when conducting experiments with USRPs. 
Firstly, average BER was measured under LOS conditions. At receiver antenna 
separation of 6.25 cm, average BER was measured for different SNRs such as 5, 10, 15 and 
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25 dB. This procedure continued for different receiver antenna separation of 12.5, 18.75 cm 
and optimal antenna distance. 
Secondly, average BER was measured under NLOS conditions. At receiver antenna 
separation of 6.25 cm, average BER was measured for different SNRs such as 5, 10, 15 and 
25 dB. This procedure continued for different receiver antenna separation of 12.5, 18.75 cm 
and optimal antenna distance. 
   
 
 
Figure 27: Measurement Setup 
 
4.2.2 LabVIEW Front Panel Configuration 
 
The front panel of the algorithm in LabVIEW is shown in Figure 28. The TX and RX 
settings contain the parameters for the TX and RX pairs of an NI USRP transceiver. 
 
RX antennas 
NI-USRP 2953R 
Host PC 
Simulations, Experiments and Results 
54 
 
 
Figure 28: Front Panel (LabVIEW) 
The transmitter and receiver parameters were configured on the front panel using 
LabVIEW. This configuration also includes input parameters which are as follows: 
 
Table 6: LabVIEW Input Parameters 
Link Parameters Values 
I/Q sampling rate 
5 MS/s (million samples 
per second) 
Symbol rate 500k 
Oversampling factor 10 
Symbol per packet 10k 
Modulation Scheme BPSK 
Filter length 8 
Filter parameter 0.50 
Training Sequence 707m + 707m i 
Carrier Frequency 2.4 GHz 
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The values of symbol rate and oversampling are entered in such a way that it 
satisfies the following equation [59]: 
 
I/Q Sampling Rate= Symbol Rate X Oversampling Factor  
 
The start trigger time was entered in whole and fractional seconds. This time was 
set in such a fashion that receiver will start receiving right before the transmitter begin to 
transmit to make sure that receiver starts receiving [59]. The transmitter and receiver both 
share a common frequency reference and the clock source for synchronization purposes.  
4.3 Results 
 
Now, we demonstrate the experimental measurements with results for 2 x 2 MIMO 
with Alamouti in LOS and NLOS scenarios. Bit error rate (BER) was observed for different 
values of 𝑑𝑟 such as 6.25, 12.5 and 18.75 cm, where 𝑑𝑟 is the distance between receiver 
antennas.  
Also, optimal antenna spacing was calculated by using the following formula [31]: 
 
      𝑑𝑡 𝑑𝑟 =
𝜆 𝑅
𝑁 𝑐𝑜𝑠 𝜃𝑡 𝑐𝑜𝑠 𝜃𝑟 
                                               (39)       
 
where, 𝑑𝑡 is the distance between TX antennas which is 12.5 cm as the antennas of the 
transmitter are fixed on the NI USRP 2953R device, 𝑑𝑟 (to be calculated) is the distance 
between RX antennas, 𝜆 is the carrier wavelength, 𝑅 is the distance between TX and RX 
antennas which are separated by SMA cables at a distance of 75 cm, 𝑁 is the number of RX 
antennas, 𝜃𝑡 and 𝜃𝑟 is the elevation angle for the TX and RX antennas, which was set to 
zero during the experiments. The TX and RX antennas are placed at a same height from the 
ground. In this case, c = 3 × 108 m/s and f = 2.4 GHz, therefore λ = 12.5 cm. 
   After substituting the above values, we get, 𝑑𝑟 = 37.5 cm. This is in agreement to 
results reported in [31] where the optimal distance between receiver antennas 𝑑𝑟 is 37.5 
cm, the 2 x 2 MIMO channel will offer maximum performance under LOS conditions. In 
other words, the system at 𝑑𝑟 = 37.5 cm under LOS conditions will give reduced BER. 
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Table 7: Average BER measurements under Line-of-Sight at 2.4 GHz  
𝑑𝑟 = 6.25 𝑐𝑚 𝑑𝑟 = 12.5 𝑐𝑚 
SNR (dB) Avg. BER SNR (dB) Avg. BER 
5 0.4356 5 0.4196 
10 0.389 10 0.3870 
15 0.2948 15 0.3253 
20 0.2001 20 0.1949 
25 0.1104 25 0.0703 
    
𝑑𝑟 = 18.75 𝑐𝑚 𝑑𝑟 = 37.5 𝑐𝑚 (optimal antenna distance) 
SNR (dB) Avg. BER SNR (dB) Avg. BER 
5 0.4377 5 0.3592 
10 0.3944 10 0.2645 
15 0.3207 15 0.1469 
20 0.2034 20 0.0546 
25 0.0785 25 0.0000 
 
Table 8: Average BER measurements under Non- Line-of-Sight at 2.4 GHz 
𝑑𝑟 = 6.25 𝑐𝑚 𝑑𝑟 = 12.5 𝑐𝑚 
SNR (dB) Avg. BER SNR (dB) Avg. BER 
5 0.4269 5 0.4475 
10 0.3758 10 0.4071 
15 0.2830 15 0.3432 
20 0.1841 20 0.2175 
25 0.0998 25 0.1214 
    
𝑑𝑟 = 18.75 𝑐𝑚 𝑑𝑟 = 37.5 𝑐𝑚 (optimal antenna distance) 
SNR (dB) Avg. BER SNR (dB) Avg. BER 
5 0.4224 5 0.4752 
10 0.3777 10 0.4241 
15 0.2929 15 0.3874 
20 0.1747 20 0.2661 
25 0.0481 25 0.1101 
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 Rician environment is the environment where a LOS path exists between 
transmitter and receiver, while NLOS path exists in the Rayleigh environment. Therefore, it 
is reasonable to assume that anechoic chamber environments without obstruction are 
Rician fading channels, while anechoic chamber environments with obstructions are 
Rayleigh channels.  Now, we plot BER performance graphs of the implemented 2 x 2 MIMO 
system with Alamouti in realistic environments. Firstly, we plot the performance graphs of 
LOS and NLOS separately for different antenna spacing. Secondly, we plot the graph of 
performance comparison of LOS and NLOS at each receiver antenna spacing.  
 
 
Figure 29: BER performance comparison at different Receiver Antenna Spacing in LOS 
The BER performance at different receiver antenna spacing in LOS environments is given in 
the Figure 29. At optimal antenna spacing of 37.5 cm in LOS, the average BER is significantly 
low as compared to that of 6.25, 12.5 and 18.75 cm. 
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Figure 30: BER performance comparison at different Receiver Antenna Spacing in NLOS 
The BER performance at different receiver antenna spacing in NLOS environments is given 
in the Figure 30. At optimal antenna spacing of 37.5 cm in NLOS, the average BER is high as 
compared to that of 6.25, 12.5 and 18.75 cm. This observation is reasonable because the 
Rayleigh fading channel does not have the LOS path, thus a higher transmitted power (i.e. 
higher SNR) is required to achieve the same BER as the Rician fading channel. 
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Figure 31: LOS and NLOS comparison for RX antenna spacing of 6.25 cm  
The comparison of LOS and NLOS at RX antenna spacing of 6.25 cm is shown in the 
Figure 31. The measurement results show that the overall BER for NLOS environment is less 
than that in LOS.  
 
Figure 32: LOS and NLOS comparison for RX antenna spacing of 12.5 cm 
The comparison of LOS and NLOS at RX antenna spacing of 12.5 cm is shown in the 
Figure 32. In this case, 𝑑𝑡 = 𝑑𝑟 = 12.5 cm which forms a perfect rectangular scenario 
provides the richer multipath environment in LOS conditions. Thus, we can see that the BER 
performance in LOS condition is better than in NLOS conditions.  
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Figure 33: LOS and NLOS comparison for RX antenna spacing of 18.75 cm  
The comparison of LOS and NLOS at RX antenna spacing of 18.75 cm is shown in the 
Figure 33. The measurement results show that the overall BER for NLOS environment is less 
than that in LOS.     
 
Figure 34: LOS and NLOS comparison for RX antenna spacing of 37.5 cm (Optimal) 
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The comparison of LOS and NLOS at optimal RX antenna spacing of 37.5 cm is 
shown in the Figure 34. In this case, following the equation (39), calculated RX antenna 
spacing is 37.5 cm. At this RX antenna spacing, BER in LOS environment is significantly low 
as compared to that in NLOS. These results are in the agreement of equation (39) that 
using optimal antenna spacing, the 2 x 2 MIMO system performs better in LOS 
environments. This is because the Rayleigh does not have the LOS path; hence a higher 
transmitted power is required to achieve the same BER as the Rician channel.    
4.3.1 BER Analysis 
 
The simulated results of 2 x 2 MIMO system with Alamouti STBC shows less BER in 
Rician channel as compared to that in Rayleigh channel. For implemented 2 x 2 MIMO 
system with Alamouti STBC, the BER performance depends on antenna spacing in Rayleigh 
and Rician channels. However, the simulated results provided a benchmark to the BER 
performances of 2 x 2 MIMO system with Alamouti STBC in Rayleigh and Rician channels. 
 
Figure 35: Comparison of theoretical results with measured results at Optical Antenna 
Separation 
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The comparisons between theoretical and measured results are shown in Figure 35. 
This comparison between theoretical and measured results is analysed under LOS and NLOS 
conditions as below.  
LOS Comparison:  
 In LOS case, there is no obstruction between transmitter and receiver antennas, 
so the wireless channel would be Rician. At 5 dB SNR, the theoretical BER is below 0.01 and 
measured BER is above 0.1 where the difference is significant. This can be explained by the 
fact that the implemented system particularly with synchronisation and channel estimation 
methods are affected by high noise at low SNR of 5 dB. One way to lower the noise is to 
reduce the bandwidth, but we are limited by the bandwidth of the device. At 10 dB, the 
difference is also significant however; BER of the implemented system decreases 
approximately by 0.1 from 5 dB to 10 dB. Furthermore, as the SNR rises from 15 to 25 dB, 
both the theoretical and measured BER decreases significantly however; the difference is 
considerably high.  The high measured and theoretical difference at high SNR can be 
explained because of the losses in SMA cables which were used to separate transmitter and 
receiver antenna. There is a possibility of leakage between transmitter and antenna ports 
of the USRP which can lead to high BER difference at high SNR. By comparing with 
theoretical results, we can evaluate that the performance of implemented system increases 
especially after 20 dB in LOS conditions at optimal antenna separation of 37.5 cm. 
NLOS Comparison: 
 Under NLOS conditions (Rayleigh channel), the performance gap between theoretical 
and measured results is significantly high throughout the range of SNR. At 5 to 15 dB, the 
difference between theoretical and measured BER is more than 0.3. This inferior behaviour 
might be because NLOS conditions affects more significantly to the accuracy of implemented 
synchronisation and channel estimation methods and also the lack of external frequency 
reference such as GPS (Global Positioning System) which can be used for better 
synchronisation, as only one device was used to conduct experiments. We can increase the 
power transmission, but interference with other systems can limit that option. The BER begins 
to fall after 15 to 25 dB and at 25 dB the performance gap between theoretical and measured 
results decreases to 0.1. This BER difference at high SNR can be explained due to the losses in 
SMA cables used which leads to possible leakage between transmitter and receiver antenna 
ports of the USRP. By this comparison, we can interpret that the performance of implemented 
system at optimal antenna separation of 37.5 cm even at higher SNRs degrades in NLOS 
conditions. Due to the high BER, we can also evaluate that the optimal antenna separation 
under NLOS scenario does not favours the implemented system.     
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The average BER vs SNR (dB) graphs were plotted for different values of RX antenna 
spacing and particularly for the optimal antenna separation from equation (39) for both 
LOS and NLOS scenarios. We observed that the average BER for receiver antenna spacing of 
6.25 cm and 18.75 cm at RX, NLOS conditions presented lower BER as compared to those in 
LOS. In this case, the implemented system provides higher performance due to significant 
decorrelation between different paths, hence, obtaining higher reliability via diversity. The 
NLOS conditions provide a richer multipath environment, causing decorrelation between 
MIMO channels and therefore enhancing the performance of the system. However, for RX 
separation of 12.5 cm, this system provides richer multipath in LOS conditions. This is 
because of the distance between transmitter antennas is equal to the distance between 
receiver antenna (dt = dr = 12.5) which forms a perfect rectangular array spacing favours 
LOS conditions. Furthermore, the average BER for RX separation of 37.5cm provided a 
reduced BER, by up to 10%, in LOS conditions compared to the NLOS scenarios. This 
optimum antenna spacing provides enough decorrelation between MIMO channels to 
realize a channel matrix under LOS conditions. This is beneficial to systems which are 
unable to make use of the originally derived i.i.d Rayleigh fading MIMO channels.  
Following this analysis, we can say that the performance of 2 x 2 MIMO system with 
Alamouti STBC depends highly on the channel characteristics such as fading signal 
correlation. 
4.4 Chapter Summary 
 
This chapter provides the performances of the simulated 1 x 1 system and 2 x 2 MIMO 
with Alamouti STBC in Rayleigh and Rician channels. It explains in detail the model used in 
simulations for Rayleigh and Rician channels. The performance comparison of simulated 2 x 2 
MIMO with Alamouti STBC in Rayleigh and Rician channels is outlined. This chapter also 
describes the measurement set-up and procedure used to conduct the experiments. Results of 
the implemented 2 x 2 MIMO with Alamouti STBC is presented at different receiver antenna 
spacing. The BER comparison at different receiver antenna spacing is shown in LOS and NLOS 
conditions. Lastly, the performance analysis of simulated and implemented 2 x 2 MIMO with 
Alamouti STBC is provided.     
The next chapter outlines the conclusions drawn from this research study.  
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5 Conclusions and Future Works 
In this research, we have simulated 2 x 2 MIMO system with Alamouti STBC in 
MATLAB and implemented in SDR, using LabVIEW software platform and NI-USRP 2953R 
hardware device. In addition, 1 x 1 and 2 x 2 MIMO system with Alamouti STBC have been 
analysed in different propagation environments. The performance of implemented 2 x 2 
MIMO system with Alamouti STBC have been compared between different realistic 
environments at different receiver antenna spacing. 
5.1 Conclusions 
 
Our research activities and contributions in this thesis can be summarised as 
follows: 
 A comprehensive literature review which includes the basics of wireless 
communication system, performance parameters, channel characteristics, MIMO, 
STBC and USRP have been provided. The literature review shows that the 
implementation of 2 x 2 MIMO system with NI-USRP 2953R has been almost 
unexplored and there is a lack of performance comparison of implemented 2 x 2 
MIMO system with Alamouti STBC in different propagation environments which is 
the main motivation of this thesis. 
 The LabVIEW representation of 2 x 2 MIMO system with Alamouti STBC has been 
provided in research methodology. This section includes the design and data flow of 
transmitter and receiver in LabVIEW.   
 Simulation performance of 1 x 1 and 2 x 2 MIMO system with Alamouti STBC in 
different channels have been presented. These simulations are used as a benchmark 
to evaluate the performance of implemented system in different propagation 
environments. A brief description of the environment in which experiments are 
conducted has been mentioned.  
 We analysed the bit error rate (BER) to evaluate the performance of Alamouti STBC 
implementation under different transmitter-receiver distance and at optimal 
antenna array spacing.  
 The optimal spacing is considered as a function of TX-RX separation, wavelength, the 
dimension of MIMO arrays, and the antenna orientation angle. Results show that 
considering an optimal antenna spacing in both TX and RX arrays, the pure LOS 
MIMO case outperforms the Rayleigh case in terms of BER, by up to 10%. These 
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results are useful for system designers when considering MIMO systems subject to 
strong LOS components and when evaluating the performance of LOS MIMO 
systems.  
 An inexpensive software radio platform such as USRP can be used for testing 
multiport antennas for MIMO communication systems under certain limitations. In 
future, by exploring such limitations, the USRP will become a very economical 
solution for measuring antennas as well as testing the performance of various MIMO 
algorithms with an acceptable accuracy.  
In summary, our aim of implementing an Alamouti STBC MIMO system and validating the 
theoretical prediction has been accomplished by using the software defined radio platform 
USRP. The framework designed in this project may have an opportunity for future 
development in terms of power allocation scheme, antenna spacing design, and different 
modulation methods. 
5.2 Future Works 
 
The successfully developed testbed opens various directions to research further the 
advance signal processing techniques for MIMO systems such as transmitting sequence and 
channel coding. It can also be extended in various propagation channels such as out-door 
environment and mobile wireless channels (where the receiver moves relatively to the 
transmitter). Therefore, some of the possible future works regarding to the topic of this 
project are given below: 
 Experiment the implemented 2 x 2 MIMO system with Alamouti SBTC in other 
realistic environments including out-door propagation and mobile wireless channels. 
 Implement 2 x 2 MIMO on two different USRPs; one with the transmitter and other 
with receiver. 
 Add channel coding on the implemented MIMO system. 
 Apply enhanced channel estimation techniques and synchronisation techniques to 
the implemented 2 x 2 MIMO with Alamouti STBC to improve its performance.     
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7 Appendix 
 
7.1 Detail Specifications of Front Panel Connectors 
 
Table 9: NI USRP-2953R Module Front Panel Connectors [60] 
Connector Use 
JTAG 
A USB port that connects the host computer to the device FPGA 
for development and debugging. You cannot currently configure 
or program the device FPGA using the JTAG connector. 
RF 0 
TX1 RX1 
Input and output terminal for the RF signal. TX1 RX1 is an SMA (f) 
connector with an impedance of 50 Ω and is a single-ended input 
or output channel. 
RX2 
Input terminal for the RF signal. RX2 is an SMA (f) connector with 
an impedance of 50 Ω and is a single-ended input channel. 
AUX I/O 
General-purpose I/O (GPIO) port. AUX I/O is controlled by the 
FPGA. 
RF 1 
TX1 RX1 
Input and output terminal for the RF signal. TX1 RX1 is an SMA (f) 
connector with an impedance of 50 Ω and is a single-ended input 
or output channel. 
RX2 
Input terminal for the RF signal. RX2 is an SMA (f) connector with 
an impedance of 50 Ω and is a single-ended input channel. 
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7.2 Detail Specifications of Front Panel LEDs 
 
Table 10: NI USRP-2953R Module LEDs (Front Panel) [60] 
LED Description Colour State Indication 
RF 0 
TX1 
RX1 
Indicates the 
transmit status 
of the module. 
OFF - The module is not active. 
Red Solid 
The module is transmitting 
data. 
Green Solid The module is receiving data. 
RX2 
Indicates the 
receive status 
of the module 
OFF - The module is not receiving. 
Green Solid The module is receiving. 
REF 
Indicates the 
status of the 
reference 
signal. 
OFF - 
There is no reference signal, or 
the device is not locked to the 
reference signal. 
Green 
Blinking 
The device is not locked to the 
reference signal. 
Solid 
The device is locked to the 
reference signal. 
PPS 
Indicates the 
pulse per 
second (PPS). 
OFF - 
There is no PPS timing 
reference signal, or the device 
is not locked to the reference 
signal. 
Green 
Blinking 
The device is not locked to the 
PPS timing reference signal. 
Solid 
The device is locked to the 
PPS timing reference signal. 
GPS 
Indicates 
whether the 
GPSDO is 
locked. 
OFF - 
There is no GPSDO or the 
GPSDO is not locked. 
Green Solid The GPSDO is locked. 
LINK 
Indicates the 
status of the 
link to a host 
computer. 
OFF - 
There is no link to a host 
computer. 
Green, 
Yellow, 
or 
Red 
Solid 
The host is actively 
communicating with the device. 
RF 1 
TX1 
RX1 
Indicates the 
transmit status 
of the module. 
OFF - The module is not active. 
Red Solid 
The module is transmitting 
data. 
Green Solid The module is receiving data. 
RX2 
Indicates the 
receive status 
of the module. 
OFF - The module is not receiving. 
Green Solid The module is receiving. 
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7.3 Detail Specifications of Back Panel Connectors 
 
Table 11: NI USRP-2953R Module Back Panel Connectors [60] 
Connector  Use 
PWR 
Input that accepts a 9 V to 16 V, 6 An external DC power 
connector. 
1G/10G ETH 
Ethernet port that accepts 1G SFP modules and 10G SFP+ 
modules. With a1G ETH module inserted, the ports 
accept gigabit Ethernet-compatible cables 
REF OUT 
Output terminal for an external reference signal for the 
LO on the device. REF OUT is a female SMA connector 
with an impedance of 50 Ω, and it is a single-ended 
reference output. The output signal at this connector is 
10 MHz at 3.3 V. 
REF IN 
Input terminal for an external reference signal for the LO 
on the device. REF IN is a female SMA connector with an 
impedance of 50 Ω, and it is a single-ended reference 
input. REF IN accepts a 10 MHz signal with a minimum 
input power of 0 dBm (0.632 Vpk-pk) and a maximum 
input power of 15 dBm (3.56 Vpk-pk) for a square wave or 
sine wave. 
PCIe x4 
Port for a PCI Express Generation 1, x4 bus connection 
through an MXI Express four-lane cable. 
PPS TRIG 
OUT 
Output terminal for the pulse per second (PPS) timing 
reference. PPS TRIG OUT is a female SMA connector with 
an impedance of 50 Ω, and it is a single-ended input. The 
output signal is 0 V to 3.3 V TTL. You can also use this 
port as triggered output (TRIG OUT) that you program 
with the PPS Trig Out I/O signal. 
PPS TRIG IN 
Input terminal for pulse per second (PPS) timing 
reference. PPS TRIG IN is a female SMA connector with 
an impedance of 50 Ω, and it is a single ended input 
channel. PPS TRIG IN accepts 0 V to 3.3 V TTL and 0 V to 
5 V TTL signals. You can also use this port as a triggered 
input (TRIG IN) that you control using NI-USRP software. 
GPS ANT 
Input terminal for the GPS antenna signal. GPS ANT is a 
female SMA connector with a maximum input power of -
15 dBm and an output of DC 5 V to power an active 
antenna. 
 
